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User-Supplied Payloads
Thesis directed by Dr. Joel Ullom
Modern science often requires measurements at sub-Kelvin temperatures. Temperatures of 300 mK can
be reached by using liquid 3He, but reaching lower temperatures requires the use of adiabatic demagnetization
and dilution refrigerators which are complex, large, and costly. Normal-metal\Insulator\Superconductor
(NIS) tunnel junctions provide an alternative refrigeration method that is simple to use, compact, and
provides continuous cooling power that has the potential to expand the accessibility of these sub-Kelvin
temperatures. When properly biased, the electron system in the normal metal of an NIS junction is cooled
since the hottest electrons preferentially tunnel from the normal metal to the superconductor, transferring
heat in the process. When the normal metal is extended onto a thermally isolated membrane, the cold
electrons cool the phonons in the membrane through electron-phonon coupling. In previous work, NIS
junctions have been used to cool detectors and bulk objects that were integrated with the membrane, but
could not be considered a general-purpose refrigerator since they could not cool arbitrary objects.
The goal of this work has been to demonstrate a general-purpose NIS refrigerator to which a user
can attach arbitrary bulk objects. First, we discuss NIS refrigeration and then develop a model to predict
phonon cooling. We fabricated and tested NIS refrigerators capable of cooling bulk objects and used the
model to explain the results. The devices were able to cool phonons from 300 mK to 154 mK with 100 pW
of cooling power at 200 mK. With these devices, we were able to cool a 2 cm3 piece of copper from 290 mK
to 256 mK with 700 pW of cooling power at 290 mK. This demonstration marks the emergence of NIS
refrigerators as a true, general-purpose refrigerator since users can attach arbitrary objects. Measurements
of Andreev reflections in the devices and next-generation refrigerators that cool electrons from 100 mK to
below 50 mK are also presented.
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Chapter 1
Introduction
Normal-metal/Insulator/Superconductor (NIS) tunnel junctions can be used as solid-state refrigera-
tors at sub-Kelvin temperatures. In previous work, NIS junctions have been used to cool electrons, phonons
and small electronic devices such as superconducting detectors, but they could not be considered as general
purpose refrigerators since they had only been able to cool integrated payloads. In this work, we demonstrate
the first general purpose NIS refrigerator which can be used to refrigerate arbitrary, user-supplied payloads.
Our refrigerator is compact, lightweight, and only requires a small DC voltage bias to operate. When our
refrigerator is coupled with a 3He refrigerator, it can provide a simple method of reaching sub-Kelvin temper-
atures. In this chapter, we will motivate the need for new sub-Kelvin refrigeration technologies and provide
a brief history of NIS refrigeration.
1.1 Motivation
Sub-Kelvin temperatures are an integral part of modern experimental science. Experiments at these
temperatures allow the observations of quantum mechanical phenomena, enabling research in large areas
of fundamental physics such as quantum information sciences [72], quantum computing [44], quantum op-
tics [18], superconductivity [91] and superfluidity [29]. Furthermore, the reduced thermal noise allows for
cryogenic detectors with unmatched precision that enable many modern experiments. For example, searches
for weakly interacting dark matter are currently being performed by cooling large single crystals of Ge and
CaWO4 to below 100 mK while monitoring their temperature using highly sensitive cryogenic thermometers
called transition edge sensors (TES) [4] [6]. If a particle of weakly interacting dark matter interacts with
2the crystal lattice, it will increase the temperature of the crystal by an amount equal to the energy of the
particle divided by the heat capacity of the crystal. Therefore, the energy of the particle can be determined
by measuring the temperature increase it causes when it interacts with the crystal. Without these highly
sensitive cryogenic thermometers, this experiment would not be possible.
Low temperature detectors, such as TESs, can also be used to measure the energy of a photon from
microwave to gamma ray energies to high precision [38]. The use of low temperature detectors has been
growing rapidly and they are being used in a wide variety of applications such as single photon detectors [30],
nuclear material analysis [76], passive stand-off imaging [11], and systems are currently being deployed to
synchrotrons for x-ray material analysis [92]. Low temperature detectors are also deployed on numerous
astronomical observatories that have made independent confirmations of the existence of dark energy using
only the cosmic microwave background [86], placed constraints on the dark energy equation of state [79], and
observed strong evidence for motions of galaxy clusters and groups via the kinematic Sunyaev-Zel’dovich
effect [32]. Recently, low temperature detectors have been used in observations of polarization in the cosmic
microwave background that is strong evidence of the existence of gravitational waves and inflationary the-
ory [1]. When the detectors are used in terrestrial telescopes, the dominant noise source in the measurement
is caused by fluctuations in the sky. When these detectors are used in space, this noise source is eliminated.
Therefore, using low temperature detectors in space will allow the next-generation of astrophysical measure-
ments. However, in order to make these high precision measurements, low temperature detectors must be
cooled to temperatures below 1 K. Additionally, most of the current low temperature detectors are limited
by thermal noise and better performance is achieved by cooling the detector to even lower temperatures,
which requires complicated refrigerators. Unfortunately, this requirement limits the use of low temperature
detectors, especially in space based applications.
Currently, there are three main methods of reaching sub-Kelvin temperatures: dilution refrigerators,
adiabatic demagnetization refrigerators, and 3He refrigerators. In a dilution refrigerator, temperatures lower
than 10 mK can be reached by diluting liquid 3He from a 3He-4He mixture. While this refrigeration technique
can provide large cooling powers, e.g. hundreds of microwatts at 100 mK, and is currently the main workhorse
of cryogenic laboratories, they are complicated, bulky, and expensive systems. They require complicated
3heat exchangers and pumps to cycle the 3He through the system. The vacuum seals are known to leak and
the system can plug from contaminations. For these reasons, dilution refrigerators can require significant
maintenance. In space based missions, the system is simplified by venting the helium into space, which
reduces the life time of the mission. While dilution refrigerators have been used in space based applications [2],
simpler refrigeration techniques are desirable. An alternative method of reaching sub-Kelvin temperatures is
provided by an adiabatic demagnetization refrigerator. In this refrigeration technique, the spins in a system,
such as in a salt pill, are aligned in a magnetic field. When the magnetic field is removed from the spin
system, the spins are all aligned and in an entropically unfavorable arrangement. In order to rearrange
themselves in a more entropically favorable arrangement, the spins remove energy from the payload to flip
the spins, which refrigerates the payload. Low temperature detectors can be cooled to about 10 mK with
this refrigeration technology, however, it is not without its limitations. First, this refrigeration technique
does not provide constant cooling power, and the spin system must be cycled, which reduces the duty cycle
of the refrigerator. This problem can be solved by installing two parallel salt pills and magnets in the system,
where one is cycled when the other one is in operation, but this dramatically increases the complexity and
weight of the system. Second, these systems require large magnetic fields in order to operate, requiring bulky
magnetic shielding. A refrigerator with multiple salt pills, magnets, and magnetic shielding is bulky, which
is undesirable for space based applications.
A simpler method of reaching sub-Kelvin temperatures is provided by a liquid 3He system. In this
system, 3He is condensed into a liquid and is used as a refrigerant. Vapor from the boiling 3He is circulated
through the system using a charcoal sorption pump and is then reliquified, providing a constant cooling power.
This system has the advantage of being simple and compact. This refrigeration technique also provides
continuous cooling power and has been used in space based missions [60]. However, these refrigerators can
only reach base temperatures of about 300 mK. Reasonably sized 3He refrigerators have cooling powers on
the order of 10 microwatts at 300 mK, which means that they could be used as a launching stage for another
refrigeration technology designed to cool to even lower temperatures.
One such technology that can be used to cool from 300 mK to lower temperatures is refrigeration using
NIS tunnel junctions. When an NIS junction is properly biased, the hottest electrons in the normal metal
4preferentially tunnel from the normal metal into the superconductor. As a result of this tunneling process,
heat is transferred from the normal metal into the superconductor, cooling the electron system in the normal
metal. These cold electrons can be used to cool phonons by extending the normal metal film onto a thin
dielectric membrane whose phonon system is thermally isolated from the surrounding phonon system in the
substrate. On the membrane, the cold electrons cool the phonons through electron-phonon coupling. Once
the phonons in the membrane are refrigerated, any object in thermal contact with the membrane will be
refrigerated as well. The typical size of an NIS phonon refrigerator, including the membrane and the wiring, is
on the order of a square millimeter and they can be created inexpensively since they are fabricated on silicon
wafers using standard uv-lithographic techniques. When coupled with a 3He refrigerator, an NIS refrigerator
offers a simple and compact method of reaching temperatures below 300 mK since it provides continuous
cooling power and only requires two DC bias wires, instead of the pumps and heat exchangers required by
a dilution refrigerator, or the salt pills, magnets, and shielding required by an adiabatic demagnetization
refrigerator. While a single NIS junction provides on the order of picowatts of cooling power at 100 mK, the
cooling power of an NIS refrigerator scales linearly with the number of devices and large cooling powers can
be achieved by using a large number of junctions.
When cooling a payload, the power that is removed from the payload and the power required to
operate the refrigerator must be rejected at a higher bath temperature. An NIS junction rejects about
100 times its excess cooling power. Therefore, if an NIS refrigerator is backed by a small 3He refrigerator
with a cooling power of 10 microwatts, an NIS refrigerator can provide on the order of 100 nW of cooling
power at its base temperature. While some applications may require more than 100 nW of cooling power, it
is sufficient to provide refrigeration for low power devices such as low temperature detectors. For example,
many TES detectors dissipate about 10 pW at the cold stage per pixel. This 100 nW of cooling power
provided by NIS junctions would be able to cool a 10,000 pixel array. Currently, the largest deployed TES
array is the SCUBA-2 instrument on the James Clerk Maxwell telescope in Hawaii, which consists of 10,000
pixels [36]. Most state-of-the-art TES arrays have hundreds of pixels and future arrays are planned to have
thousands of pixels. Therefore, an NIS refrigerator would not only be able to cool arrays of current low
power detectors, but also provides enough cooling power to cool future, larger arrays. This is important
5because while low temperature detectors have been used in terrestrial applications, their use in space has
been limited due to the complex cryogenic requirements. An NIS refrigerator would provide a simpler and
light weight alternative to dilution refrigerators and adiabatic demagnetization refrigerators, which would
increase the accessibility of sub-Kelvin temperatures, especially in space based applications. An increased
accessibility of sub-Kelvin temperatures would expand the use of low temperature detectors and would allow
the scientific community to perform next generation measurements.
1.2 History of NIS Physics
After learning about superconductivity in 1960, Giaever had the idea of using a normal-metal/insulator/
superconductor (NIS) tunnel junction as a way of measuring the superconducting gap. His colleagues were
skeptical of the idea, but told him to try the experiment [27]. Giaever quickly made aluminum/aluminum
oxide/lead junctions by vapor-depositing aluminum on a glass slide, oxidizing the aluminum in air for a few
minutes and then depositing a layer of lead to form the superconductor. He placed the junction in liquid
helium and measured the current-voltage (IV) characteristics of the device. He first applied a magnetic
field to the device to suppress the superconductivity of the leads and measured that the tunneling current
was linear with voltage. When he removed the magnetic field and the lead became superconducting, he
measured that the tunneling current was reduced at low voltages, as shown in figure 1.1. He noted that in
the “naive” picture of tunneling (which is the current way tunneling is modeled), the slope of the IV curve
should be proportional to the quasiparticle density of states in the superconductor divided by the normal
metal density of states, as a function of energy. He pointed out that the slope of his measured IV curve
resembles the quasiparticle density of states predicted by the Bardeen-Cooper-Schrieffer (BCS) theory of
superconductivity; it includes a peak and a gap, that he estimates to be 4.2 ± 0.1 kbTC [26].
Even though other measurements of the superconducting gap had been made, Giaever had made the
best one to date. Soon after this experiment, Fisher and Giaever [22] measured the IV characteristics of
metal/aluminum-oxide/metal films at various temperatures and oxide thicknesses and modeled the results.
Later that year, Giaever made superconductor/insulator/superconductor (SIS) junctions to measure the
superconducting gap of various metals [25]. He measured twice the gap of lead to be 2.68 ± 0.06 meV, twice
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FIG. 1. Tunnel current between Al and Pb through
A1203 film as a function of voltage. (1) T=4.2 K and1.6'K, H=2. 7 koe (Pb normal). (2) T=4.2'K, H=0. 8
koe. (3) T=1.6'K, H=0. 8 koe. (4) T=4.2'K, H=O
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Figure 1.1: Results of Giaever’s first measurement of an NIS tunnel junction with the original caption [26].
The rise in current at about 1.5 mV is indicative of the superconducting gap in lead.
the gap of indium to be 1.05 ± 0.03 meV and twice the gap in aluminum to be 0.32 ± 0.03 meV. These
values are close to the current values of 2.73 meV, 1.05 meV and 0.34 meV respectively [41]. Giaever was
awarded the 1973 Nobel prize in physics for his work on tunnel junctions.
The first concept of what would later become tunnel junction refrigeration came from Parmenter in
1961 [70]. In this paper, he asks the question of why a superconductor quenches at high temperatures. He
states that according to BCS theory of superconductivity, it is a result electron-electron attraction caused
by phonons interacting with the phonon system. At higher temperatures, electrons are thermally excited
from the superconducting sea, and decrease this interaction. Therefore, the critical temperature of the
superconductor should be able to be increased if the excited electrons are removed from the system. He
suggested this can be accomplished by using SIS junctions. He developed a model and showed that it would
be possible to raise the Tc of a superconductor using this method.
7In 1977, Gray and Willemsen measured the IV characteristics of a tunnel junction as a function
quasiparticles that were injected from a second tunnel junction [28]. They made aluminum/aluminum ox-
ide/aluminum junctions that injected quasiparticles into another set of aluminum/aluminum oxide/aluminum
junctions used to probe the aluminum film. This experimental setup is very similar to the current NIS re-
frigerator experiments. They noted in their experiments that at certain values of injection current, around
2∆/e, they observed an inhomogeneous superconducting gap that depended on the specific resistance of the
tunnel junction. Their data showed that the gap increased by about 10 %. They were unable to explain
this effect with their models and speculated what might cause this increase in the gap. They seemed to be
unaware of the work by Parmenter, since they did not cite him.
In 1979, Chi and Clarke performed an experiment to explicitly measure the “gap enhancement” of a
superconductor [15]. They referred to previous experiments, including Gray and Willemsen’s experiment,
which supported the idea of gap enhancement. They also mentioned that long before these experiments,
Parmenter proposed that the superconducting gap could be enhanced with tunnel junctions and stated
that they made devices and a model that could explain this effect. In their experiments, they made alu-
minum/aluminum oxide/aluminum/aluminum oxide/aluminum junctions, one to enhance the gap of the
aluminum and another one to measure the gap. The extraction junction had a resistance of order of 10 mΩ
and the detection junctions had a resistance on the order of between 1 to 10 Ω. This allowed the detection
junction to passively measure the gap in the aluminum. With these junctions, they observed a gap enhance-
ment of about 40 % in the superconductor. They then compared this with a model they developed which
described the tunneling rates of the quasiparticles between the two metals. Their model looked similar to
the models that are currently used to describe the tunnel junction refrigerators and it agreed with the data
for low voltage biases, but did not for values above (∆1 − ∆2)/e. They suspected that they could model
the data at higher temperatures if they accounted for the changing value of ∆, something that their model
did not account for since it required a complicated self consistency calculation. A similar gap enhancement
experiment was performed in 1991 by Blamire et al., where they designed high-conductance junctions to
produce a large gap enhancement [13]. Their junctions were made from niobium/aluminum/aluminum ox-
ide/aluminum/aluminum oxide/aluminum/niobium and had a specific resistance of 30-70 Ωµm2. With these
8junctions, they produced a gap enhancement of about 100 % in the aluminum.
The idea of “gap enhancement” of superconductors underwent a revolution with a paper by Nahum
et al. in 1994 [62]. In this paper, the authors developed the idea that not only is the gap enhanced in
these types of tunnel junctions, but that the electron system itself is being cooled. To demonstrate this,
they produced devices and a theory which demonstrated this process. The authors first stated that it was
possible for the electron system to become thermally decoupled from the lattice at very low temperatures
due to the number of phonons decreasing. The IV characteristics of an NIS junction can be derived by
modeling the tunneling of the electrons/quasiparticles and holes through the junctions [87]. At certain
voltage biases, only the hottest electrons can tunnel from the normal metal into the superconductor. This
energy transfer between the normal metal and superconductor can be modeled by multiplying the energy
of the electron by the tunneling rate. The authors note that at certain voltage biases, energy is transferred
from the normal metal to the superconductor, which cools down the electron system in the normal metal.
They then determined that the electron temperature in the normal metal will reach an equilibrium when the
cooling power of the NIS junction matches the power due to the hotter lattice temperature trying to heat
the electrons through the electron-phonon coupling.
In order to test their theory, the authors designed and fabricated devices designed to be electron
refrigerators as shown in figure 1.2 a. The devices consisted of a copper strip that was cooled using an
aluminum/aluminum oxide/copper junction, with a resistance of 10 kΩ and the temperature of the electron
system was measured by another NIS junction with a resistance of 8 kΩ. Since the current-voltage charac-
teristics of an NIS junction depend only on the temperature of the normal metal, the second thermometer
junction would give them an actual measurement of the electron temperature. With these junctions, they
observed that they cooled the electrons in the copper from about 100 mK to 85 mK, as shown in 1.2 b.
Using their model, they estimated that their refrigerator had 7 fW of cooling power at a lattice
temperature of 100 mK. As figure 1.2 b shows, their model was in excellent agreement with their data. At
the end of their paper, they stated that this refrigeration technology could be used to cool the electrons and
the phonons of a system if the refrigerators were connected to a thermally isolated substrate, such as a thin
membrane. They predicted that such a device could cool the electrons and phonons of the membrane from
9high-energy thermal excitations from the normal electrode
thus cooling the electrons. When eV.D electrons with
E,EF are also allowed to tunnel and subsequently deposit
energy into the normal electrode. The calculation of the
power transfer PN from the normal electrode is similar to
that of the tunneling current in Eq. ~1!, except that here the















The maximum cooling power Pmax'2(kBT)2/(e2RN! oc-
curs when eV5D. For eV,(D2kBT! the cooling power is
approximately ~eV2D)(I/e), whereas for eV.(D1kBT!, a
power (eV2D)(I/e) is dissipated in the normal electrode.
The cooling efficiency of the refrigerator is uPNu/IV'kBT/D
for eV5D, and is typically less than 10%. The superconduct-
ing electrode dissipates a power PS5IV2PN in the form of
phonons produced by the recombination of quasiparticle ex-
citations to form Cooper pairs. In our configuration, where
the density of quasiparticles is small, this energy does not
leak back into the normal metal.
A second component of the electron refrigerator is the
normal-superconducting ~NS! contact which, through the
process of Andreev reflection, allows electrical but not ther-
mal contact to be made with the normal electrode.9 When
current is passed through the NS interface, a Cooper pair in
the superconductor combines with a hole from the normal
metal and produces an electron which subsequently carries
the current in the applied field. The electron is injected into
the metal with an average energy equal to EF and hence does
not add energy to the normal electrode.
In addition to the cooling process discussed above it is
also necessary to consider those mechanisms which deposit
energy in the normal metal. In our configuration there are
two sources of energy input. The first is due to the thermal
coupling between electrons and the lattice, which occurs by
the absorption and emission of phonons. The power transfer
between the two systems is given by Pe2p5SU(Tp52T5),
where Tp is the lattice temperature, U is the volume of
the metal, and S'2 nW K25 mm23 is a material-dependent
parameter.2 A second source of energy input is due to the
power which is dissipated in the resistance of the normal
electrode by the refrigerator and thermometer currents. How-
ever, for our configuration this Joule heating contribution is
negligible. The electron temperature in the normal electrode
is thus predicted from the energy balance equation,
PN1Pe2p50.
The refrigerator was fabricated on a silicon substrate us-
ing conventional electron-beam lithography and triple-angle
evaporation.10 Two superconducting aluminum electrodes,
750 nm thick and 0.5 mm wide, were electron-beam evapo-
rated and subsequently oxidized in 33 Pa ~250 mTorr! of O2
for 5 min to form the tunnel barriers. The normal metal cop-
per electrode was subsequently evaporated into a 0.5-mm-
wide, 10-mm-long, and 80-nm-thick strip. The superconduct-
ing contact consisted of a 250-nm-thick 0.5-mm-wide lead
~Pb! strip which was thermally evaporated in a separate
vacuum system. The normal state resistances of the ther-
mometer and refrigerator junctions were 8 and 10 kV, re-
spectively. From previous measurements we estimate the re-
sistance of the copper strip to be 10 V. The refrigerator can
also be fabricated using conventional photolithography or
shadow mask evaporation, provided that the device param-
eters ~U and RN! are appropriately chosen.
The calibration of the electron thermometer is shown in
Fig. 2, where the temperature dependence of the voltage V th
across the thermometer junction, for bias currents of 0.24
and 0.43 nA, and when the electron refrigerator was not op-
erating is plotted. Since very little power is dissipated in the
normal metal strip, we make the assumption that the electron
temperature is equal to the temperature of the dilution refrig-
erator Tp . The squares are the measured data and the solid
curves are the calculated values from Eq. ~1! using RN58
kV and D/e5190 mV. The fit is good for temperatures above
100 mK, but does not agree with the measurements at lower
temperatures. From independent measurements we conclude
that a smeared energy gap, due to the overlap between the
normal metal electrode and the graded edges of the super-
conducting electrode, is the cause of the low temperature
discrepancy between the data and Eq. ~1!. The data for the
refrigerator junction, for which the overlap area was smaller,
showed good agreement to 65 mK. Furthermore, we have
found that the agreement with theory can extend down to 35
mK for tunnel junctions with no such overlap.
In Fig. 3~a! we show the measured dependence of the
voltage V th across the thermometer junction versus the volt-
FIG. 1. ~a! Schematic of the electron refrigerator. The thermometer and
refrigerator tunnel junctions, labeled T and R are depicted as black squares.
~b! Energy level diagram for the refrigerator junction. The junction is biased
close to the superconducting gap D, so that only electrons whose energy is
higher than EF tunnel out of the normal electrode.
FIG. 2. Temperature dependence of the voltage V th across the thermometer
junction for bias currents of 0.24 and 0.43 nA. The squares are the measured
values and the solid lines are calculated using Eq. ~1! and RN5180 kV and
D/e5190 mV.
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age V ref across the refrigerator junction for lattice temp ra-
tures Tp of 100, 150, and 200 mK. The electron temperature,
which was interpolated from Fig. 2 is indicated on the right
axis. For bias voltages much smaller than D/e , the electron
temperature remains constant since very little current flows
through the refrigerator. When V ref approaches D/e , V th in-
creases, indicating that the electron temperature has been re-
duced below that of the lattice. For higher voltages, the r -
frigerator junction dissipates energy in the normal electrode
and thus increases the electron temperature. For our refrig-
erator the cooling power at 100 mK is about 7 fW, which
gives a temperatur drop of abo t 15 mK for the electrons.
The solid lines in Fig. 3~a! are the theoretical predictions
using the measured parameters RN510 kV, U50.5 m3, and
fitted parameters D/e5210 mV and S54 W K25 m23.
Though the theory is in excellent agreement with the
data for Tp.100 mK, there are deviations at lower tempera-
tures. In Fig. 3~b! we expand the V th versus V ref data for
p onon temperatures of 40 and 100 mK. The dashed hori-
zontal line corresponds to the voltage V0 at which the
measured thermometer calibration in Fig. 2 linearly extrapo-
lates to 0 K. The thermometer voltage exceeds V0 for Tp540
mK and V ref.157 mV, indicating that the simple theory can
no longer explain the data. This observation may be ex-
plained by the fact that t concept of an electron tempera-
ture is no longer valid in this regime. The reason for this
is that energy is extracted from the electrons at a rate
tnis
21'~dPmax/dT)C21'105 s21, where C is the heat capacity
of the strip, whereas the electron-electron relaxation rate is
te-e
21'53106 T s21 with T in units of Kelvin.11 Below about
20 mK, tnis21.te-e21 . Since the electron–electron interaction is
responsible for thermalizing electrons at these temperatures,
a nonequilibrium energy distribution is induced where the
electron population is significantly depleted above EF . Thus,
in order to maintain a constant current through the thermom-
eter junction, V th has to increase above V0 . This observation
suggests that the NIS tunnel junction might be a useful tool
for creating and probing nonequilibrium distributions in nor-
mal metals.5
In conclusion, we have de onstrated that the unique
thermal transport properties of the NIS junction can be ex-
ploited to manipulate the Fermi–Dirac distribution in the
normal electrode and to significantly cool the electrons be-
low the lattice temperature. At the lowest temperatures we
find that the electron energies depart strongly from an equi-
librium distribution. This novel refrigeration technology may
also be used to cool both electrons and phonons in a ther-
mally isolated substrat , such as a thin low-thermal-
conductivity membrane. This type of refrigerator would be
useful for cooling devices which dissipate very low power,
such as x-ray or infrared detectors. We calculate that it
should be possible to cool a membrane to below 100 mK
from a temperature of 300 mK within 0.1 s,12 thus providing
an lternative to more complex dilution or adiabatic demag-
netization refrigerators in certain applicatio s.
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FIG. 3. ~a! Dependence of the thermometer voltage V th on the voltage V ref
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extrapolates to 0 K.
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Figure 1.2: Device and results of the cooling experiment by Nahum et al. [62] (a) Schematic of the device
used in the experiment. The electrons in the copper electrode were cooled using an aluminum/aluminu
oxide/copper junctio , represe ted as the R, and the temper ture was measured using similar junction,
represented by th T. (b) The measured t mperature of t ele tr ystem in the copper electrode versus
refrigerator bias. Th data, represented by points, shows cooling from 100 mK to 85 mK and is in strong
agreement wi h the theory, represented by th solid line.
300 mK to 100 mK with enough cooling power for low power devices such as low power etectors.
In 1995, Bardas and Averin modeled the heat cur ent in clean and disordered NIS contacts [9]. They
predicted the effects of Andreev reflections, a two-particle tunneling process, versus junction transparency.
The first large temperature reduction in an NIS junction was demonstrated by Leivo et al. in 1996 [46]. In
their paper, the authors note that the devices used by Nahum et al. had a large tunneling resistance in the
refrigerator junctions and had heat leakage due to the cooper/lead contact used to bias the junction. They
produced improved devices, as shown in figure 1.3 a, by reducing the refrig ator’s tunneling resistance to
300 Ωµm2 and reduced the heat leak due to t e bias contac by making an electrical connection through
a second NIS refrigerator. Since NIS junctions are symmetric in voltage, making an electrical connection
though a s cond NIS junction would add more cooling power to the device, instead of acting as a heat
leak as an SN contact did in the experiment by Nahum et al. With these improved devices, Leivo et al.
demonstrated cooling of electrons from 300 mK to about 100 mK as shown in figure 1.3 b.
The first cooling of phonons was demonstrated by Manninen et al. in 1997 [53]. To achieve this, they
placed devices similar to the ones used by Levio et al. on the edge of a 200 nm thick silicon nitride membrane.
The membrane pr vi ed a ph on system that was i w ak c ntact with the phonon system of the silicon
substrate due to the high thermal resistance of the membrane. The devices were not placed on the membrane
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Figures 1~a! and 1~b! show, respectively, a schematic
diagram of the SINIS structures studied in our experiments
and the corresponding antiferromagnetic image of the struc-
ture. Four tunnel junctions were fabricated around a normal
metal ~Cu! central electrode and four superconducting ~A1!
external electrodes. The electrodes were made with electron
beam lithography using the shadow mask evaporation tech-
nique. The tunnel junctions were formed by oxidation in
pure oxygen between the two metallization steps. Two junc-
tions at the edges with larger areas were used for refrigera-
tion, while the pair of smaller junctions in the middle was
used as a thermometer. A floating measurement of voltage
across the two thermometer junctions at a constant bias cur-
rent was used to measure temperature in the same way as in
the simpler one junction case.4
Prior to our experiments with the SINIS refrigerator we
repeated measurements in the geometry of Nahum et al.1 In
our case the refrigerating junction had a resistance of RT
57.8 kV, the copper island was 10 mm long, 0.3 mm wide,
and 35 nm thick. Results of the measurements of the electron
temperature in the island as a function of refrigerator voltage
Vre f r for several starting temperatures at Vre f r50 are shown
in Fig. 2. We see that only a few per cent refrigeration can be
obtained, as expected.
Solid lines in Fig. 2 represent a theoretical fit obtained
within the standard model of electron energy relaxation.5–7
Within this model, we assume that the electron-electron col-
lision rate is large so that the electrons maintain an equilib-
rium distribution characterized by the temperature T, which
is in general different from the lattice temperature Tl . The
rate of energy transfer from electrons to phonons is then:7
Pl5SU(T52Tl5), where S is a constant which depends on
the strength of electron-phonon coupling, and U is the vol-
ume of the island. Another element of the fitting process is a
heat conductance k of the biasing SN contact. ~For simplic-
ity, we neglect temperature dependence of k, since the tem-
perature range of interest in Fig. 2 is not very large.! The
value of the superconductor gap D is almost fixed by the
position of the temperature dips in the refrigeration curves
~Fig. 2! and is taken to be 155 meV for this sample. Solving
numerically the equation P5Pl1k(T2Tl), where P is the
cooling power ~1! we can calculate T as a function of
Vre f r . The fit in Fig. 2 is obtained in this way with S50.9
W/K5 mm3 and k58 pW/K. For comparison, the dashed line
shows the fit obtained for the lowest-temperature curve with-
out k; in this case S51.4 nW/K5 mm3. Although there is no
drastic disagreement with the data even in this case, we see
that k improves the fit considerably.
To see whether the value of the heat conductance k de-
duced from the fit in Fig. 2 is reasonable, we calculated the
heat conductance of the SN contact with perfect electron
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Making use of the gap value and temperature corresponding
to Fig. 2 we get from this equation that k58 pW/K corre-
sponds to the normal-state contact resistance RN on the order
of 100 Ohm, which is of the same order of magnitude as in
the experiment. ~It is difficult to obtain a precise value of the
contact resistance because it is much less than the resistance
of the tunnel junction.!
Figure 3 shows our main results with the SINIS refrig-
erator of Fig. 1. The two refrigerating junctions had resis-
tances RT51.0 and 1.1 kV, respectively, and the island was
5 mm long, 0.3 mm wide, and 35 nm thick. In Fig. 3 we see
FIG. 1. ~a! The schematics of the SINIS refrigerator used in the measure-
ments, and ~b! an AFM image of the actual structure.
FIG. 2. Results of the NIS single junction experiment: temperature T of the
N-electrode vs refrigerator voltage Vre f r . Dots and solid lines show, respec-
tively, experimental data and the theoretical fit including heat conductance
of the biasing contact. For comparison, the dashed line shows the fit without
the heat conductance.
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several refrigeration curves starting at various ambient tem-
peratures at Vre f r50. Note that maximum cooling power is
now obtained at Vre f r.2D/e because of two junctions in-
volved. From the position of the temperature dips we get
D5180 meV. We see that the drop in temperature is im-
mensely improved over that of the single junction configu-
ration. Solid lines in Fig. 3 show the theoreti al fit which w s
obtained within the same model a for the single-junction
configuration with the two modifications. We do not hav
heat conductance k this time, and we need to solve the bal-
ance equations simultaneously for the energy and electric
current in order to determine the electric potential of the
island. The best fit shown in Fig. 3 corresponds to S
54 nW/K5 mm3. The fit can be classified as reasonable,
although there are some obvious discrepancies between the
data and the theory. Possible origins of these discrepancies
include an oversimplified model of electron-phonon heat
transfer on the theory side, and poor calibration of the ther-
mometer toward higher temperatures on the experimental
side. The inset in Fig. 3 shows the maximum cooling power
as a function of temperature deduced from this fit, together
with the analytical dependence obtained by summing Eq. ~2!
over the two junctions. W see that the simple analytical
expression ~2! ives a very accurate description of the lower-
temperature cooling power.
We note in passing that the experiment described above
provides a more transparent alternative interpretation of the
previous experiments on the enhancement of superconduc-
tivity in the SIS8IS structures.9 It implies that the reason for
the stimulation of super-conductivity in the central electrode
of the SIS8IS structure might not be the formation of the
nonequilibrium distribution of quasiparticles inside this
electrode,9,10 but simply a decrease in its temperature.
Before concluding we would like to mention that the
next step in the development of a practical NIS refrigerator
could be further optimization of the refrigerator performance
with respect to the resistance RT of the insulator barrier. As
we saw above, the cooling power of the refrigerator increases
with decreasing RT . For a fixed junction area this trend
would continue only up to an optimal resistance, at which
point the transport starts to be dominated by Andreev
reflection.3 The theoretical limit for the maximum cooling
power density is on the order of 1028 W/mm 2 for aluminum
junctions and should be reached in the junctions with unre-
alistically low specific resistances on the order of 1022 V
3mm2. In practice the limiting factors will be the techno-
logical ability to fabricate uniform tunnel barriers with high
transparency, and, conceivably, the heat leakage through
these tunnel barriers to the central island.
In conclusion, we have shown that the nominally sym-
metric SINIS structure can be used as an efficient Peltier
refrigerator. One of the advantages of the symmetric struc-
ture is that it is easier to fabricate than the asymmetric
single-junction configuration. Besides this, SINIS structure
provides more efficient thermal insulation of the central elec-
trode, which allowed us to demonstrate a temperature drop
of about 200 mK starting from 300 mK. The achieved cool-
ing power density was approximately 2 pW/mm2, with the
total power being 1.5 pW at T5300 mK.
The authors gratefully acknowledge useful discussions
with K. Likharev and M. Paalanen. This work was supported
in part by the Academy of Finland and ONR grant No.
N00014-95-1-0762.
1M. Nahum, T. M. Eiles, and J. M. Martinis, Appl. Phys. Lett. 65, 3123
~1994!.
2For space cryogenic applications, see, e.g., C. Hagmann, D. J. Benford,
and P. L. Richards, Cryogenics 34, 213 ~1994!; and a special issue of
Cryogenics 34, No. 5 ~1994!.
3A. Bardas and D. Averin,Phys. Rev. B 52, 12873 ~1995!.
4M. Nahum and J. M. Martinis, Appl. Phys. Lett. 63, 3075 ~1993!.
5M. L. Roukes, M. R. Freeman, R. S. Germain, R. C. Richardson, and M.
B. Ketchen, Phys. Rev. Lett. 55, 422 ~1985!.
6F. C. Wellstood, C. Urbina, and J. Clarke, Appl. Phys. Lett. 54, 2599
~1989!.
7R. L. Kautz, G. Zimmerli, and J. M. Martinis, J. Appl. Phys. Lett. 73,
2386 ~1993!.
8G. E. Blonder, M. Tinkham, and T. M. Klapwijk, Phys. Rev. B 25, 4515
~1982!.
9M. G. Blamire, E. C. G. Kirk, J. E. Evetts, and T. M. Klapwijk, Phys. Rev.
Lett. 66, 220 ~1991!; D. R. Helsinga and T. M. Klapwijk, Phys. Rev. B 47,
5157 ~1993!.
10A. V. Zaitsev, JETP Lett. 55, 66 ~1992!.
FIG. 3. SINIS refrigerator performance at various starting temperatures.
Notations are the same as in Fig. 2. Dots are the experimental data, while the
solid lines show the theoretical fit with one fitting parameter S for all
curves. The inset shows the cooling power P @pW# from the fits ~dots!,
together with th analytical result from Eq. ~2!.
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Figure 1.3: Device and results of the cooling experiment by L vio et al. [46] (a) AFM i age of the device.
The electrons were cooled by the two outer junctions and the electron temperature was measured using the
inner two thermometer junctions. (b) Measured electron temperature in the normal metal versus refrigerator
voltage bias. The data are represented by points and their model is represented by the solid line. The inset
shows the calculated cooling power, in pW, from fits to their data along with a line representing an analytical
result from their model.
power can be deposited into the silicon substrate instead of the membrane. The copper normal-metal layer
of the junction was then extended onto the membrane so electrons cooled by the NIS junctions could cool
the phonons in the membrane through the electron-phonon coupling. T e temperature of the membrane wa
measured by an additional pair of NIS junctions pl ced on the membrane that were electrically isolated from
the cold normal metal. Since the electrons in this junction were only in strong contact with the phonons in
the membrane, the temperature that the junctions measured were equal to the phonon temperature in the
membrane. A schematic of the device used in this experiment is show in figure 1.4 a. Usi g this device,
they measure that the NIS junctions were able to cool the phonons i the membrane y a few millikelvin,
as shown in figure 1.4 b, where maximum temperature reduction of the membrane is plotted versus bath
temperature. The authors state that even though they only achieved a few millikelvin of cooling, in theory,
there is no reason that the temperature reductions observed by the electron coolers cannot be applied to the
phonon c olers.
The next important step in modeling NIS refrigerators came in 1998 by Jochum et al. [39]. In the
11
brane, formed by etching silicon away. The refrigerator is of
SINIS type, superconducting parts made of a 30 nm thick
aluminum film, the normal island made of a 35 nm thick
copper film, and the tunnel junctions formed by oxidized
aluminum. Electron beam lithography and two-angle evapo-
ration techniques were used. The refrigerator junctions were
fabricated on a bulk substrate, i.e., outside the thin mem-
brane, in good thermal contact with the dilution refrigerator.
Several junctions were made in parallel as a comblike struc-
ture, to enhance the cooling power. The copper island was
extended onto the silicon nitride membrane, whose tempera-
ture was determined with another SINIS structure using the
same method as in Ref. 7; the voltage across the two junc-
tions was measured at constant bias current that was set to be
small enough not to contribute to heat transport ~see also
Ref. 2!. The thermometer was calibrated against the primary
Coulomb blockade thermometer.8
Data are presented for two samples, sample 1 and
sample 2. Both ‘‘refrigerator combs’’ of sample 1 consisted
of 20 parallel 0.330.3 mm2 junctions. The tunneling resis-
tance across the combs was 130 V1130 V. The size of the
extension of the copper island on the membrane was 280
mm31mm335 nm ~see Fig. 1!. The tunnel junctions of the
thermometer were located on the membrane about 2 mm
away from the extension of the refrigerator, and their total
resistance was 8.4 kV. There was no electrical contact be-
tween the refrigerator and the thermometer. The refrigerator
combs of sample 2 were made of ten 0.331 mm2 junctions,
and the tunneling resistance across the combs was about 350
V1350 V. The extension of the copper island in sample 2
had a T-shape, with a 1.53250 mm2 line on the membrane
connected to the substrate with a perpendicular 0.53160
mm2 line.
Refrigeration traces of sample 1 at several temperatures
are plotted in Fig. 2. The silicon substrate remains at the
temperature T0 of the dilution refrigerator, while the tem-
perature Tm of the membrane can be decreased by applying a
voltage V refr across the refrigerator junctions. First the elec-
trons near the junctions are cooled below the lattice tempera-
ture T0 by tunneling current, then the electrons further away
on the copper island are refrigerated via thermal conduction,
and finally the copper lattice on the membrane, and the mem-
brane itself, are refrigerated because of electron–phonon
coupling. Refrigeration effect is strongest when uV refru'330
mV, which is slightly below 2D/e ~'360 mV for this
sample!, as expected; factor 2 is due to the two tunnel junc-
tions in series in the SINIS structure. As T0 is decreased, the
temperature dips become narrower, as in electronic cooling
experiments.2 At the very lowest temperatures, the refrigera-
tion is overshadowed by heating caused probably by resistive
current paths through pinholes in tunnel junctions. Dissipa-
tion caused by electric current flowing across the copper is-
land with estimated resistance of about 50 V cannot produce
such heating at low voltages, because tunneling current is
negligible when V!2D/e .
The traces in Fig. 2 were measured using ac techniques:
the voltage across the refrigerator junctions was alternated
between 0 and V refr at frequency f'5 Hz, and the thermom-
eter response was monitored using a lock-in amplifier with
reference f . This method could be used because the thermal
time constant of the system is short enough, under 10 ms.
The results were consistent with those of the dc measure-
ments, but the noise level was smaller by more than an order
of magnitude.
Figure 3 shows the temperature dependence of the maxi-
mum decrease in membrane temperature, Tmin2T0, for the
two samples. For both samples, the refrigeration effect is
largest at T0'200 mK. At higher temperatures, the refrig-
eration becomes weaker; the cooling power of the SINIS
increases as T3/2 @see Eq. ~2!#, but the heat load via the mem-
FIG. 1. Schematic layout of the SINIS refrigerator fabricated partly on a
silicon nitride membrane. For clarity, the shadow images formed in the
two-angle evaporation process have been omitted. Note that most of the
vertical lines actually consist of a copper film on top of an oxidized alumi-
num film.
FIG. 2. Membrane temperature Tm as a function of the voltage V refr across
the refrigerator junctions for sample 1 at substrate temperatures T05322,
164, and 92 mK.
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brane increases even faster, because the thermal conduction
along a thin silicon nitride film has a T3 temperature
dependence.9 Moreover, the heat flow from honons to elec-
trons on that part of the copper island, which was fabricated
on the bulk substrate ~where the phonon system of copper
stays at substrate temperature!, increases with temperature
according to Eq. ~3!. The latter effect is especially important
in sample 1, in which th volume of copper outside th mem-
brane is relatively large, about 35% of the total volume of
the island. The temperature of the membrane, Tm, can be
high r than that of the electrons in the normal electrode near
the junctions, mainly becau e of the thermal resistance
across the copper film. Electron–phonon coupling is so
strong and Kapitza resistance between copper and silicon
tri e so small that Tm is very nearly equal to the electronic
temperature Te ,m of copper on the memb ane; this was con-
firmed in one of our samples, in which both Tm and Te ,m
were measured.
The obvious explanation for the decrease of the refrig-
eration effect when T0,200 mK would be thermal decou-
pling of phonons and electrons. At temperatures low enough,
the temperature of the lattice would not decrease much even
if the electrons could b cooled down t zero t mperature.
However, we have observed a similar deterioration in perfor-
mance at low temperatures in electron cooling experiments,
as well. That is partly caused by the heating effect observed
in the lowest trace of Fig. 2, and by Ohmic dissipa ion in
current transported through the resistive copper island. It is
also possible that the heat brought into the superconductor by
the tunneling lectrons is not removed effectively nough. In
order to decrease the cooling power noticeably, the tempera-
ture of the electron system in the superconductor near the
tunnel junction should be about 0.3Tc'400 mK, which is not
unrealistically high, although we did not measure it.
Our construction, in which the refrigerator junctions are
located on the bulk substrate, ensures that heat generated by
tunneling electrons is dumped away from the refrigerated
membrane. However, it also means that near the junctions,
the lattice of the normal electrode stays at the substrate tem-
perature T0. That limits the use of the refrigerator to tem-
peratures below about 1 K, even if one uses superconductors
that have higher Tc than aluminum; if T0@1 K, electron–
phonon coupling is too strong to allow cooling of electrons
substantially below T0. It remains to be tested whether the
lattice of the normal electrode near the junctions could be
refrigerated below T0 by fabricating the junctions onto the
membrane,6 even though the heat brought into the supercon-
ductor, Q˙1IV refr, is about an order of magnitude larger than
the cooling power Q˙ .
The performance of the refrigerator can be improved
substantially at subkelvin temperatures. Our experiments
have indicated that if we can cool the electrons in a normal
metal film fabricated on a thin dielectric membrane, the tem-
perature of the membrane can decrease by the same amount.
Thus, nothing should prevent developing the present method
to the level that has been demonstrated in earlier SINIS elec-
tron cooling experiments, in which the temperature of elec-
trons has been decreased down to about 1/3 of the starting
value.2 That would already be useful in some practical appli-
cations. The most straightforward improvement would be to
increase the number of refrigerator junctions. Other ways to
increase the cooling power would be to decrease the resis-
tance of individual tunnel junctions or to replace aluminum
with a superconductor having larger D. The temperature drop
of the membrane could be increased also by decreasing the
thermal conduction along it. One could use a thinner mem-
brane or make holes through it to decrease the conduction
area.
To conclude, we have shown that it is possible to use
NIS tunneling not only to cool the electrons of the normal
electrode themselves but also to refrigerate other, electri-
cally separate systems. The normal island of a SINIS struc-
ture was extended onto a dielectric membrane whose tem-
perature was monitored with a separate thermometer. So far,
we have demonstrated a 2% temperature decrease in the
membrane, but it should be straightforward to develop the
techniques to the level of reaching 100 mK from a starting
temperature of 300 mK, which has been obtained in electron
cooling experiments.2 It will be much more difficult to reach
temperatures much below 100 mK, as well as to make the
refrigerator work at T.1 K. However, a SINIS refrigerator
will be a much simpler alternative to the dilution refrigerator
in certain applications below 1 K.
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FIG. 3. Maximum decrease in membrane temperature, Tmin2T0, as a func-
tion of the substrate temperature T0 for two samples. See Fig. 2 for defini-
tion of Tmin .
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Figure 1.4: Device and results of the cooling experiment by Manninen et al. [53] (a) Sch matic of the
device used in the experiment. The refrigerator junctions cool the electrons in a piece of normal metal
that is extended onto the membrane. The cold electrons then cool the phonons in the membrane through
the electron-phonon coupling. The temperature of the membrane was measured using NIS thermometer
junctions that were electrically isolated from the refrigerator junctions. Therefore, any temperature reduction
the thermo eter junctions measured was due a decrease in the phonon temperature of the m brane.
(b) Measured electro temperature in the thermometer juncti ns versus bath temperature. The difference
between the samples was the refrigerator r sistance; device 1 had refrigerators with a resistance of 130 Ω
while the refrigerators in d vice 2 had a resistance of 350 Ω.
previous papers, the base temperature of the NIS junction was modeled by balancing the cooling power
of the NIS junction with the thermal load from the substrate trying to heat the electrons through the
electron-phonon coupling. However, there is also power load on the normal metal due to the fact that
the superconducting electrode is hotter tha the normal me al. This heat can be transferred from the
superconductor to the normal metal through processes such a a hot quasiparticle “back flow” fr m the
superconductor into the normal metal and from phonon absorption from quasiparticle pair recombination.
Without modeling these processes, the authors stated that previous experiments were overestimating their
cooling powers. In their paper, the authors developed a thermal model hat to k these eff ts into account.
The authors applied their model to NIS refrigerators and det rmined that this heat load could be detrimental
to refrigerator performance. However, they suggested that this effect could be mitigated by changing the
aspect ratio of the junctions and increasing the superconductor thickness to allow quasiparticles to diffuse
away from the junction. They also propose pl cing quasiparticle traps, such as a normal metal, around the
junctions to prevent the quasiparticles from returning to the normal metal.
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In 1999, Fisher et al. noted that in order to make useful a refrigerator, one desires a large temperature
reduction combined with a large cooling power [23]. At that time, small junctions demonstrated a large
change in temperature but had small cooling powers. Conversely, large junctions with large cooling powers
had been made, but only produced small temperature reductions. In their paper, the authors presented an
electron and phonon cooler with large cooling powers. The authors fabricated two different types of silver
/ aluminum oxide/ aluminum junctions; one designed to cool electrons and one designed to cool phonons.
In the device designed to cool phonons, shown in figure 1.5 a, the refrigerator junctions were placed on
a thermally isolated membrane. Silver contact pads were placed near the edge of the membrane to act
as quasiparticle traps to provide a location to deposit the rejected power of the superconductor onto the
bulk substrate instead of the membrane. Using this device, they observed a temperature reduction of the
membrane by about 1.5 mK with about 4 pW of cooling power at 304 mK, as shown in figure 1.5 b. To
model the devices, the authors included the quasiparticle back flow and phonon absorption terms as Jochum
et al. suggested, but simplified the theory by modeling this term as a percentage of the power deposited into
the superconductor, β, returning to the normal metal. This model is currently known as the β model and
is still used. The authors estimated β = 15 % for their devices and noted that device performance could be
improved by reducing this value. Later that year, Manninen et al. demonstrated cooling electrons with SIS
junctions with two different superconductors [54]. Using aluminum/ aluminum oxide/ titanium junctions,
they were able to cool the electron system of the titanium strip from 520 mK to below 357 mK.
As shown by Jochem et al. and Fisher et al., the power load due to the back flow from the supercon-
ductor plays a large role in NIS refrigerators. To this end, Ullom et al. measured and modeled the inelastic
relaxation of quasiparticles in a superconductor to electrons in a normal metal [95]. In their experiment, they
observed that a silver film near a superconducting piece of aluminum absorbed more than 80 % of the energy
of quasiparticles in the superconductor. They developed a model of quasiparticle relaxation by assuming
the quasiparticle relaxes due to electron-electron, electron-phonon, and phonon-phonon interactions. They
calculated the relaxation time for each process and their model agreed with the measurements. Building on
this work, in the next year, Ullom and Fisher developed a model to calculate the electronic temperature of
the superconductor. With this model, the authors were able to determine the power load acting on the nor-
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20320 and 15310mm2, and are labeled J1 and J2, respec-
tively. Two Al leads, labeled GND and HEAT, make metal-
lic, but not thermal contact to the Ag electrode.10 The GND
lead forms the circuit ground, and the HEAT lead is used to
dissipate a known Joule power in the Ag electrode.
A NIS junction can be used either to modify or to mea-
sure the temperature of electrons in the normal electrode.1
Both junctions are individually calibrated for thermometry
by biasing each at a constant current and measuring voltage
as a function of bath temperature. A typical measurement
then proceeds by measuring the voltage across one junction
~the thermometer junction! as a function of voltage across
the other junction ~the refrigerator junction!, or alternatively,
as a function of current through the HEAT electrode.
In Fig. 2, we plot the temperature dependence of the
thermal conductance for both devices which was measured
by dissipating a known Joule power in the Ag electrode and
monitoring the resulting temperature rise using one of the
two NIS junctions.11 For the Si device, G(T) is well fit by
the standard electron–phonon coupling expression 5SUT4,
where U5350mm3 is the volume of the normal electrode,
and S'1.3 nW/mm3K5, is a material dependent parameter
whose value is in good agreement with previous
measurements.1,2,7 For the SiN device, the data are well fit by
G(T)586.8 nW/K(T/1K)3.2, which is in good agreement
with the T3 dependence reported in Ref. 12. Since the
electron–phonon thermal conductance is more than a factor
of 10 higher than for the membrane, it is reasonable to as-
sume that for the SiN device the electrons and phonons in the
normal electrode are in thermal equilibrium, and can be de-
scribed by a single temperature.
In Fig. 3, we plot the measured and calculated change in
electron temperature for the Si device as a function of junc-
tion voltage for several values of bath temperature, Tb . The
theoretical curves are calculated from Eq. ~2! using the mea-
sured thermal conductance and the fitting parameter b.11 For
J1 the temperature drop increases as a function of Tb up to a
maximum value of 2 mK at 304 mK, where the calculated
cooling power is approximately 36 pW. For Tb below 249
mK, the temperature increases for V!D/e because at these
lower temperatures Pn'kBT(I/e) becomes smaller than
V2/Rd . Similar cooling and heating dependencies are ob-
served for J2, but the reduction in temperature is lower be-
cause of the higher normal state resistance of J2. From the
theoretical predictions we find that for both junctions about
10%–15% of Ps is dissipated in the normal electrode,
thereby limiting the maximum temperature drop to about 2
mK. For b50, we calculate a maximum temperature drop of
6 mK at 300 mK for J1. For both junctions, the theory over-
estimates the temperature rise for Tb5150 and 199 mK. We
FIG. 1. Optical micrograph of the SiN device. Individual metal films ~solid
lines! and the edge of the membrane ~dashed line! are outlined for clarity.
The Si device had an identical geometrical layout, but was deposited on a Si
substrate with a 1.5 mm overlayer of thermal silicon oxide. Junction param-
eters are tabulated above.
FIG. 2. Thermal conductance G(T) as a function of electron temperature for
both devices. For the Si device, the solid line is a theoretical fit based on
electron–phonon coupling. For the SiN device, the solid line is a best fit.
FIG. 3. Measured and calculated temperature change vs voltage ~in units of
D/e! for junctions J1 and J2 of the Si sample. For both junctions b50.125 at
304 mK, and b50.15 at all other temperatures.
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calculate that the likely cause is self heating by the thermom-
eter junction.
The SiN device is specifically designed to cool both
electrons and phonons by thermally isolating the normal
electrode.3 Because thermal transport in the m mbrane is es-
sentially two dimensional, however, it is crucial to provide
an effective means for dissipating the power Ps injected into
the superconducting electrode. As shown in Fig. 1, the two
IS junctions are positioned within 20 mm of the edge of the
substrate. The metallic contact p ds loc te very near the
membrane trap the qua iparticles that diffus here and thus
r duce the quasiparticle density in the superconducting
electrodes.13 This strategy should enable quasiparticles to
diffuse off the membranes prior to recombining or backtun-
neling.
In Fig. 4, we plot the measured and calculated change in
electron temperature for the SiN device as a function of junc-
tion voltage for several values of bath temperature. The the-
oretical curves are calculated from Eq. ~2! using the mea-
sured thermal conductance of the membrane and the fitting
parameter b.11 For junction J2, a maximum temperature drop
of approximately 1.5 mK was observed at Tb5304mK,
where the calculated cooling power is approximately 4 pW.
From these calculations we fi d that about 15% f Ps is
dissipated in the normal electrode, which limits the t mpera-
ture drop to the observed value. For J2, with b50 and Tb
5304mK, we calculate a maximum temperature drop of 5.5
mK. For junction J1 only heating was observed. This is due
again to the large thermal load ~b50.3! from quasiparticle
recombination and backtunneling. For b50, however, we
calculate a maximum temperature drop of 40 mK at 300 mK
for J1. For both junctions the theory overestimates the tem-
perature rise for Tb5150 and 199 mK, again due to self
heating by the thermometer junction. As previously dis-
cussed, the thermal conductance data in Fig. 2 strongly sug-
gest that the temperatures of both electrons and phonons in
the Ag are equally reduced in this device. It is particularly
compelling to compare the SiN and Si data for junction J2 at
Tb5304mK. Since Rn for the SiN device is about 50%
higher than for the Si device, the SiN device could not have
achieved the observed temperature drop without the thermal
isolation provided by the membrane.
In conclusion, we have demonstrated refrigeration of
electrons and phonons in a large volume Ag film by fabri-
cating NIS tunnel junctions directly on a SiN membrane, and
have achieved the largest cooling power demonstrated to
date. We have developed a model that predicts our observa-
tions and shows that the reduction in temperature is presently
limited by thermal loading from quasiparticles in the super-
conducting electrode. Our results suggest that temperatures
,100 mK and cooling powers .100 pW can be achieved by
a tunnel junction deposited on a dielectric membrane having
Rn;1 V , Rd /Rn.1000, b,0.05, and G(T) a factor of 5
lower than in our device. The latter can be accomplished by
a combination of a thinner SiN membrane and various sur-
face treatments.12,14 Low values of b can be realized by us-
ing along mean-free-path superconductor to maximize the
diffusion length and reduce the quasiparticle density,9,13 and
by utilizing smaller area tunnel junctions.
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Figure 1.5: Device and results of the cooling experiment by Fisher et al. [23] (a) Optical micrograph of
the phonon cooler. The refrigerator junctions are placed on the membrane, as denoted by J1 and J2. The
silver contact pads on the right side of the image are quasiparitlce traps. (b) Measured temperature of the
membrane ve sus refrigerator bias at various bath temperatures.
mal metal due to phonons created by quasiparticl recombinatio in the superconductor and the effects on
the cooling power due to a increased superconductor temperature [94]. They determined that quasiparticl
traps could improve the refrigeration. They also eter ined that placing refrigerator junctions on he
membrane would hurt performance because phonons ejected in the sup rconducto would be deposited into
the membrane instead of the substrate. This was also the first work to compute the fundam ntal limits of
NIS refrigeration.
The next improvement in phonon refrigeration came from L ukan n et al. in 2000 [52]. T eir device
con isted of a thermally isolated membrane supported by 6 l gs, as shown in figure 1.6 . he three legs
on the left side were cooled by r frigerators, similar to the devices used by Levio et al., placed on the bulk
silicon substrate. The membrane was cooled by extending th normal metal ont the mem ane, forming
“cold fingers”, seen on the left side of the membrane. The e perature of the membran was meas red
by a second set NIS junctions that were electrically isolated from the cold fingers, seen in th center of
the membrane. This device was able to cool the phonons in the membrane from about 200 mK to about
100 mK, as shown in figure 1.6 b. This was the largest phonon cooling to date by a large margin, and
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the authors stated that this temperature reduction was useful for low power detectors. Ironically, the first
cooling of a detector was performed by Tarasov et al. in 2003 without the use of a membrane [89]. In
their experiment, they cooled the electrons in a hot-electron bolometer, an NIS junction, using another NIS
junction from 250 mK to 90 mK, which improved their detector response from 1.6 mV/K to 2.1 mV/K.
While they cooled a detector with NIS junctions, it was a special case since only the electrons were cooled.
The first refrigeration of the phonons of a detector would happen in 2008.
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Fig. 3. SINIS microrefrigerator. (a) Scanning electron microscope image of a silicon nitride
membrane (in the center) with self-suspended bridges. Three normal-metal cold fingers (on the
left) extending onto the membrane conduct heat out from the membrane, but a heat load along
the bridges compensates the refrigeration effect in the steady state. The SINIS cooler is on the
bulk (far left) and the thermometer in the middle of the membrane. (b) Maximum decrease in
lattice temperature of the membrane, Tmin !T0 , as a function of T0 for two samples C and D. Both
samples have coolers of the type shown in Fig. 2a; the specific resistance was 1.39 k0 +m2 and
0.22 k0 +m2 for C and D, respectively. Typical cooling curves at few bath temperatures are
presented on the right like in Fig. 2b.
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Figure 1.6: Device and results of the cooling exp riment by Luukanen et al. [52] (a) SEM image of the phonon
cooler. The thermally isolated membrane, shown in the center, is supported by six legs. The three legs on
the left are cooled by three NIS refrigerators located on the bulk silicon substrate. The cold electrons travel
from the refrigerator to the membrane via normal metal cold fingers. The temperature of the membrane is
measured by an additional pair of NIS thermometers located at the center of the membrane. (b) Me s red
temperature of the membrane v rsus refrigerator bias at various bath temperatures.
In the previous experiments, an aluminum superconducting electrode was used because aluminum
forms a very high quality oxide layer, which is ideal for tunneling experiments. Devices were fabricated by
first depositing the aluminum, oxidizing it, and then depositing the normal metal counter electrode. While
this creates high quality ju ctions, it presen s an undesirable geometry because of the fabrication process.
Id ally, one wants h uperconducting layer to be as thick as possible to allow quasiparticles to diffuses away
from the junction and the normal metal should be as thin as possible to minimize the volume dependent
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electron-phonon coupling. If the superconductor is on the bottom, making the base electrode thicker means
that the normal-metal counter electrode must be thick to allow step coverage. If the normal metal is thin,
then the superconductor must also be thin, which increases the quasiparticle back flow.
This problem was solved by Clark et al. in 2004 by changing the composition of the normal metal [17].
The authors found that by lightly doping the aluminum with manganese, they could make the aluminum
act as a normal metal, while still forming the high quality oxide layers required for high quality tunnel
junctions. With this inverted geometry, they could make junctions with very thin normal metal layers
and very thick superconducting layers. This breakthrough allowed them to make much larger devices than
previous experiments, which increased the cooling power of the device. These devices also had the advantage
of being able to be made by uv-lithography rather than angle evaporation, as in previous devices. Their
device, as shown in figure 1.7 a, consisted of two 25 µm by 10 µm refrigerator junctions, each with a resistance
of 6.5 Ω, that cooled a small piece of normal metal. The temperature was measured by two 5 µm by 5 µm
thermometer junctions, each with a resistance of 55 Ω, that were electrically connected to the same normal
metal strip. These devices also incorporated a normal metal quasiparticle trap on the side of both the
refrigerator and thermometer junctions. Using this device, they measured a temperature reduction of the
electrons in the normal metal from 260 mK to 131 mK, as shown in figure 1.7 b. Their model predicted that
with a 10 pW load, a load similar to low temperature detectors, the base temperature would rise to 139 mK.
These devices had significantly more cooling power than previous devices and had enough cooling power to
actually cool detectors.
In the same year, Agulo et al. measured the effectiveness of quasiparticle traps [3]. In their experiment,
they made three different types of devices. In the first device, a piece of chromium/copper was cooled by NIS
junctions and the temperature was measured by two thermometer junctions. In the second experiment, they
increased the volume of the aluminum contacts to provide more volume for quasiparticle diffusion, which
they called the “advanced geometry”. The third device was the same as the advanced geometry device with
the addition of gold quasiparticle traps next to the aluminum layer of the refrigerator junctions. An AFM
image of the third style of device is shown in figure 1.8 a. The results of the three cooling experiments are
shown in figure 1.8 b. The advanced geometry and quasiparticle traps improved the device performance and
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constrain their geometry and make them difficult to integrate
with other devices.
In this report we demonstrate NIS refrigerators with
technologically useful temperature reduction and cooling
power. Our refrigerators scale naturally to larger sizes and
more complex geometries and can readily be integrated with
other cryogenic devices. To make this breakthrough, we used
a normal electrode made from Al doped with Mn to suppress
superconductivity.11 The oxide of this material produces a
high-quality tunnel barrier that allows the traditional NIS
topography to be reversed, as shown in Fig. 1!b". By using a
normal base electrode, the superconducting counterelectrode
can be made very thick, thereby decreasing the quasiparticle
density near the active junction area. As a result, we achieve
significant cooling in large, high-power junctions fabricated
by conventional photolithography.
A complete device is shown in Fig. 2. The device was
made by sputter depositing a 50 nm film of Al–Mn on a 7.6
cm !3 in." Si wafer. The Mn concentration was 2000 ppm.
The Al–Mn was chemically etched to form the base elec-
trode layer and then covered with a 50 nm layer of SiO2 .
The SiO2 was plasma etched to open vias to the base elec-
trode. The tunnel barrier for the junctions was prepared by
ion milling the base electrode through the vias and then oxi-
dizing in 1300 Pa !10 Torr" of oxygen for 12 min. A 0.4 #m
layer of Al was then deposited and chemically etched to form
the counterelectrode.
Four counterelectrodes contact the central base electrode
in Fig. 2. Two of the contacts form NIS junctions 25 #m
long and 10 #m deep that cool the base electrode. The re-
maining two contacts form 5 #m!5 #m NIS junctions. The
current–voltage curves of NIS junctions depend on the tem-
perature of the normal electrode so these small junctions pro-
vide a way to measure the device temperature without
strongly affecting it. Four additional Al–Mn regions are lat-
erally separated from the base electrode by 5 #m and lie
underneath the counterelectrodes. Quasiparticles and
phonons that enter these films are trapped and thermalized.
The device in Fig. 2 was cooled to a bath temperature
Tbath of 260 mK and current–voltage curves of the thermom-
eter junctions were measured as a function of bias on the
refrigerators as shown in Fig. 3!a". Theoretical predictions
for the curves are also shown in Fig. 3!a" at electron tem-
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where e is the electron charge, RNN is the normal-state resis-
tance of the junction, $ is the superconducting energy gap,
and f N(E) is the Fermi function evaluated at TN , the elec-
tron temperature of the normal electrode.12 For the refrigera-
tors !thermometers", RNN"6.5 !55" (. We obtain $"189
#eV from the conductance peaks of the measured current–
voltage curves. When the refrigerator is unbiased, the ther-
mometer data are best fit by theory for 230 mK. When the
refrigerator is biased, the thermometer data are best fit by
theory for 130 mK. Hence, the thermometer cools the device
from 260 to 230 mK and the refrigerator and thermometer
together cool the device to 130 mK. We next explain these
results with a detailed thermal model.
Proper calculation of the current–voltage curves requires
that the device temperature be recalculated at each bias point.
The equilibrium device temperature occurs when the cooling
power of the junctions equals the external power load. The
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FIG. 2. !Color" Optical micrograph of device. Four superconducting coun-
terelectrodes !outlined with dashes" contact the central normal base elec-
trode !solid outline". An insulating layer of SiO2 separates the base and
counterelectrodes. Vias in the SiO2 define the four NIS junctions. The de-
vice contains two refrigerator junctions, 25 #m long and 10 #m deep, and
two thermometer junctions, 5 #m on each side. Additional vias in the SiO2
provide access to normal quasiparticle traps located underneath the counter
electrodes.
FIG. 3. !Color" !a" Measured current–voltage characteristics of thermom-
eter junctions with and without refrigerator bias at Tbath"260 mK. Theoret-
ical current–voltage curves are also shown for device temperatures between
260 and 120 mK. With no bias on the refrigerator, the thermometer data are
well fit by a temperature of 230 mK. With the refrigerator biased, the current
onset in the thermometer becomes sharper, indicating cooling. The data are
well fit by a temperature of 130 mK. !b" Measured current–voltage curves
of the thermometer junctions for three refrigerator bias settings at Tbath"260
mK. Predictions for the curves are also shown where TN is calculated at
each voltage using a detailed thermal model. The thermal model success-
fully reproduces the measured curves.
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constrain their geometry and make them difficult to integrate
with other devices.
In this report we demonstrate NIS refrigerators with
technologically useful temperature reduction and cooling
power. Our refrigerators scale naturally to larger sizes and
more complex geometries and can readily be integrated with
other cryogenic devices. To make this breakthrough, we used
a normal electrode made from Al doped with Mn to suppress
superconductivity.11 The oxide of this material produces a
high-quality tunnel barrier that allows the traditional NIS
topography to be reversed, as shown in Fig. 1!b". By using a
normal base electrode, the superconducting counterelectrode
can be made very thick, thereby decreasing the quasiparticle
density ear the activ junction area. As a result, we achi ve
significant cooling in large, high-power junctions fabricated
by conventional photolithography.
A complete device is shown in Fig. 2. The device was
made by sputter depositing a 50 nm film of Al–Mn on a 7.6
cm !3 in." Si wafer. The Mn concentration was 2000 ppm.
The Al–Mn was chemically etched to form the base elec-
trode layer and then covered with a 50 nm layer of SiO2 .
The SiO2 was plasma etched to open vias to the base elec-
trode. The tunnel barrier for the junctions was prepared by
ion milling the base electrode through the vias and then oxi-
dizing in 1300 Pa !10 Torr" of oxygen for 12 min. A 0.4 #m
layer of Al was then deposited and chemically etched to form
the counterelectrode.
Four counterelectrodes contact the central base electrode
in Fig. 2. Two of th con acts form NIS junctions 25 #m
long and 10 #m deep that co l the base electrode. The re-
maining two contacts form 5 #m!5 #m NIS junctions. he
current–voltage curves of NIS junctions depend on the tem-
perature of the normal electrode so these small junctions pro-
vide a way to measure the device temperature without
strongly affecting it. Four additional Al–Mn regions are lat-
erally separated from the base electrode by 5 #m and lie
underneath the counterelectrodes. Quasiparticles and
phonons that enter these films are trapped and thermalized.
T e device in Fig. 2 was co l d to a bath temperature
Tbath of 260 mK and current–voltage curves of the thermom-
eter junctions were measured as a function of bias on the
refrigerators as shown in Fig. 3!a". Theoretical predictions
for the curves are also shown in Fig. 3!a" at electron tem-
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where e is the electron charge, RNN is the normal-state resis-
tance of the junction, $ is the superconducting energy gap,
and f N(E) is the Fermi function evaluated at TN , the elec-
tron temperature of the normal electrode.12 For the refrigera-
tors !thermometers", RNN"6.5 !55" (. We obtain $"189
#eV from the conductance peaks of the measured current–
voltage curves. When the refrigerator is unbiased, the ther-
mometer data are best fit by theory for 230 mK. When the
refrigerator is biased, the thermometer data are best fit by
theory for 130 mK. Hence, the thermometer cools the device
from 260 to 230 mK and the refrigerator and thermometer
together cool the device to 130 mK. We next explain these
results with a detailed th rmal model.
Proper calcula ion of the current–voltage curves requires
that the device temperature b recalculated at each bias point.
The equilibrium device temperature occurs when the cooling
power of the junctions equals the external power load. The
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FIG. 2. !Color" Optical micrograph of device. Four superconducting coun-
terelectrodes !outlined with dashes" contact the central normal base elec-
trode !solid outline". An insulating layer of SiO2 separates the base and
counterelectrodes. Vias in the SiO2 define the four NIS junctions. The de-
vice contains two refrigerator junctions, 25 #m long and 10 #m deep, and
two thermometer junctions, 5 #m on each side. Additional vias in the SiO2
provide access to normal quasiparticle traps located underneath the counter
electrodes.
FIG. 3. !Color" !a" Measured current–voltage characteristics of thermom-
eter junctions with and without refrigerator bias at Tbath"260 mK. Theoret-
ical current–voltage curves are also shown for device temperatures between
260 and 120 mK. With no bias on the refrigerator, the thermometer data are
well fit by a temperature of 230 mK. With the refrigerator biased, the current
ons t in the thermometer becomes sharper, indic ting cooling. The data are
well fit by a temperature of 130 mK. !b" Measured current–voltag curves
of the thermometer junctions for three refrigerat r bias settings at Tbath"260
mK. Predictions for the curves are also shown where TN is calculated at
each voltage using a detailed thermal model. The thermal model success-
fully reproduces the measured curves.
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Figure 1.7: Device and results of the cooling experiment by Clark et al. [17] (a) Optical image of the
device used in the experiment. The normal metal is cooled by the two refrigerator ju ctions and the
electron temperature is measured with the two thermometer junctions. The junction are surrounded by
normal me al qua ipar icle tr ps. (b) Curren -voltag cha cteristics of the thermometer junctions with the
refrigerators on and off. The solid lines are NIS current-voltage curves generated using BCS theory at various
temperatures. With the refrigerators off, the thermometer current-voltage curv s correspond to 260 mK.
When the refrigerators are turned on, the thermometer current-voltage curv correspon to 131 mK.
they eported cooling t electrons in the norm l metal from 290 mK to 93 mK in the third style f device.
These experiments demonstrated the importance of the thicker supercond cting lay and the qu iparticle
traps.
While NIS junctions had demonstrated cooling electrons and phonons, they could not be called a true
refrigerator si ce they were not able to cool arbitrary objects. The first step of demonstrating the cooling of
an rbitrary object w erf rmed by Clark et al. i 2005 [1 ]. In this experiment, they placed four pairs of
the junctions described in their 2004 paper, connected in series, around a 400 µm by 400 µm silicon nitride
membrane, as shown in figure 1.9 a. The membrane was p rforated to increase the thermal impedance to
the bulk substrate. The cooling power was then transferred to the membrane by extending the normal metal
onto the me brane as cold finge s, and then adding extra 200 nm of gold on top to increase the electronic
thermal condu tivity The temperature of the membrane was measured by an extra pair of thermometer
17
Effective electron microrefrigeration by SIN tunnel junctions with advanced geometry of electrodes and normal metal traps
Figure 1. The energy diagram illustrating the principle of electron
cooling and the problem of reabsorption of the phonons after
recombination of the quasiparticles. When a bias V 6 !/e is
applied across the SIN tunnel junction, only electrons with energies
greater than the Fermi energy tunnel through the barrier. These
electrons appear as quasiparticles in the superconductor. A
quasiparticle may recombine with another quasiparticle to form a
Cooper pair, and emit a phonon with energy equal to 2!. The
emitted phonons may either be lost in the substrate or reabsorbed in
the normal metal giving additional heat load to the absorber, which
reduces the cooling power. Apart from quasiparticle recombination,
quasiparticles near the junction also have a finite probability of
tunnelling back to the normal metal.
where "#(T 5e − T 5ph) is the heat flow from electrons to the
phonon subsystems in the normal metal, " is a material
constant, # is the volume of the absorber, Te and Tph are,
respectively, the electron and phonon temperatures of the
absorber; Pcool(V, Te, Tph) is the cooling power of the SIN
tunnel junctions; P0 is the background power load, V 2/Rl
is the power dissipation in the leakage resistance of the
junction Rl [11] and the last term accounts for power flow
due to back-tunnelling of quasiparticles and reabsorption of
phonons emitted by quasiparticle recombination [12]. In
simulations we have used the fifth and sixth powers of the
heat flow from the phonons. The energy diagram (figure 1)
illustrates the principle of the electron cooling and the problem
of reabsorption of the phonons emitted by quasiparticle
recombination.
The process of electron cooling is described schematically
in figure 1. The SIN tunnel junction acts to cool the electrons
by removing high energy thermal excitations from the normal
metal to the superconductor at a bias voltage lower than the
superconducting gap voltage. A normal metal trap is placed
in contact with the superconductor allowing quasiparticles to
be trapped and removed from the tunnel junction region. The
removal of quasiparticles, further, makes the cooling of the
electrons in the normal metal more effective, significantly
decreasing the probability of back-tunnelling and phonon
reabsorption. Therefore, in order to achieve electron cooling in
the normal metal absorber, back-tunnelling and recombination
processes should be prevented. In this work, we show how
the advanced geometry of the superconducting electrodes and
the addition of normal metal traps are effective in removing
quasiparticles in the superconductor, thus enhancing the
cooling of the absorber.
The first step was the fabrication of the normal metal traps.










Figure 2. An SEM picture of both advanced geometry (a) and
normal metal traps (b) and a typical AFM image of the structure
with normal metal traps (c). The Au trap was evaporated prior to the
evaporation of the Al–AlOx –Cr/Cu junctions. The distance of the
trap from the tunnel junction is ≈0.5 µm. Current bias is applied
through the cooling junctions (outer junctions). The temperature of
the absorber is measured from the response of the voltage across the
thermometer junctions (inner junctions) with temperature with a
bias current of 10 and 120 pA for the structure with and without
traps, respectively. The difference in bias current values is due to the
difference in area of the thermometer junctions for the structures.
same vacuum cycle as the contact pads. The patterns for
the traps and the pads were formed using photolithography.
Au was thermally evaporated up to a thickness of 600 Å.
The next step was the fabrication of the tunnel junctions
and the absorber. The structures were patterned by e-beam
lithography. The metals were thermally evaporated using the
shadow evaporation technique. The Al (superconductor) was
evaporated at an angle of about 60◦ up to a thickness of 650 Å,
and oxidized at a pressure of 10−1 mbar for 2 min. A Cr/Cu
(1:1) absorber of total thickness 750 Å was then evaporated
directly perpendicular to the substrate.
Figure 2 shows the two configurations of the electrodes,
one with advanced geometry (a) of the two outer junctions and
another with normal metal traps ((b), (c)) in addition to the
advanced geometry of the two outer junctions. In the advanced
geometry, the structure of the outer junctions is such that the
ends of the normal metal absorber overlap with a corner of each
S225
(a)
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Figure 3. Calibration of the thermometer junctions: the voltage
depending on the phonon temperature. The theoretical fit and the
electron temperature are shown for the main calibration curve
chosen for the cooling experiment with the bias current of 10 pA.
of the Al el tr des, which has a much larger area comp red
to those for the middle Al electrodes. The inner junc ions have
a simple cross geometry, where a section of the normal metal
absorber overlaps the thin Al electrodes. The purpose of the
larger area Al electrode is to give more space for quasiparticle
diffusion compared to that with the middle Al electrode with
simple cross geometry. The two outer junctions have a total
normal state resistance, RN, of 2.3 k!, while the two inner
junctions have RN equal to 2.6 k!. The area of overlap, which
is equivalently the area of each of the inner tunnel junctions,
is equal to 0.56 × 0.87 µm2. The area of each of the outer
tunnel junctions is 0.55 × 0.82 µm2. In the structure with
normal metal traps, the area of the two outer junctions was
approximately the same as that of the two outer junctions in
the advance electrode, while the area of the inner junctions
w s 0.2 × 0.3 µm2. The outer and inner junctions have RN
equal to 0.86 and 5.3 k!, resp ctively. The volume of the
absorber is 0.18 µm3, nd its re istance is 120 !.
A bias cooling curr nt was applied through th outer
junctions and the abs rb r. These juncti ns act as the
cooling junctions, and ther fore serve to de rease the electron
temperature of the absorber. To determine the electro
temperature, the voltage across the inner junctions w s
measured. This voltage is then calibrated as a function of
phonon temperature. A small current bias is also applied
to these junctions. The bias has to be optimal to obtain the
maximum linear voltage response to temperature, and yet not
so large as to disturb the cooling process in the absorber. The
optimal bias current used was 10 pA. Figure 3 shows the
theoretical fit and the theoretical computation of the electron
temperature for the calibration curve with this bias current
used for the structure with normal metal traps. The fit and
computation were obtained using equations (2), (3) with power
load 9.5 fW and leakage resistance 17 M! per junction. At
around 100 mK, the curve starts to saturate. This may be due
to leakage resistance and external power loading.
Figure 4 shows the main results with the electron cooling
for various combinations of geometries of superconducting
electrodes and effective Au traps (a)–(c). The experimental





(a) ∆T(with trap) = -197 mK
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Figure 4. The main cooling curves: the electron temperature of the
absorber as a function of the voltage across the cooling SIN tunnel
junctions for (a) advanced geometry of the superconducting
electrodes and effective Au traps (Tph = 290 mK), (b) advanced
geometry of the superconducting electrodes without traps
(Tph = 295 mK), and (c) ordinary cross geometry (Tph = 315 mK).
from figure 3 was used for conversion of the thermometer
voltage to the temperature. A strong influence of the advanced
geometry of the superconducting electrode on the cooling can
already be seen by comparison to the usual cross geometry
case. In the usual cross geometry, the cooling voltage was
applied to the two inner junctions, and the temperature of
the normal metal was measured using the two outer junctions.
Back-tunnelling of quasiparticles and reabsorption of phonons
contribute to the heating of the absorber [12]. With advanced
geometry, the probability of these processes is decreased due
to the out-diffusion of quasiparticles from the junction area.
With the addition of normal metal traps, quasiparticles are
allowed to dissipate their energies in the traps, thus reducing the
probability of quasiparticle back-tunnelling and quasiparticle
recombination in the superconductor and further enhancing the
electron cooling process of the absorber.
Figure 5 shows the electron cooling curves for different
temperatures for the structure with normal metal traps. In
figure 5(a) we used for the experimental curves both the
experimental calibration curve of the measured V (Tph) from
figure 3 and the theoretical estimation of V (Te) shown in the
same figure. For figures 5(b), (c) we used only the calibration
curve V (Te) giving better coincidence with theory. The best
theoretical fit was obtained from equations (2), (3) using the
T 6 temperature dependence of the heat flow from the phonons.
The experimental results show very good agreement with
theory for phonon temperatures of 300–400 mK. The leakage
resistance was taken from the experiment: Rl = 1 M!. The
reabsorption coefficient, β = 0.02, and the material constant,
# = 2 nW µm−3 K−6, were found from the fit. We speculate
that the small discrepancy between theory and experiment
around the optimal cooling voltage may be due to complicated
interactions between the electron and phonon subsystems and
the dependence on temperature.
Initially, our theoretical calculations were made using
the T 5 temperature dependence of the heat flow from the
phonons. Comparison with experimental results (figure 6)
showed that as the voltage was increased towards the gap
S226
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Figure 1.8: Device and results of the cooling exp rim nt by Agulo t al. [3] (a) AFM image of the device used
in the experiment. The normal metal is cooled by the two outer NIS junctions and the electron temperature
is measured with the two inner thermometer junctions. A gold quasiparticle trap was deposited next to the
refriger tor junctio s. (b) M ured electr n temperature in the normal metal versus refrigerato bias for
the three different device geometries.
junctions at the center of he membrane. Their measurement demonstrated that the refrigerators could
cool the me brane fro 320 mK to 225 mK, as shown by the circles in figure 1.9 b. To demonstrate the
cooli g of bulk objects, the authors placed a large gold pad in the middle of the membrane. In a second
experiment, they epoxied a neutron transmutation doped (NTD) germanium resistance thermometer with
niobium titanium electrical leads to the center of the me brane as shown in figure 1.9 a. Using the bulk
NTD thermometer, they observed a temperature reduction from 320 mK to about 240 mK as shown by the
diamonds in figure 1.9 b. The au hors attribute the smaller reduction in temperature to the extra power
load due to the niobium titanium leads connecting to the thermometer. A finite element analysis model of
the device was present d by Miller al., and it agreed with the easured temperatur reduction [57]. Using
their model, the authors predicted that they could achieve cooling from 260 mK to below 100 mK with more
efficient devices. The r sults of th s experiment are signific nt because they un mbiguously demonstrated
that NIS refrigerators can cool bulk objects.
The first true cooling of a cryogenic detector by an NIS junction was demonstrated by Miller et al.
in 2008 [58]. The device used in this experiment, as shown in figure 1.10 a, consisted of a highly thermally
isolated silicon nitride membrane where the only attachment to the bulk silicon substrate was from four legs
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brane thermometers are electrically separate from the refrig-
erators.
We cooled the device in Fig. 1!a" in an adiabatic demag-
netization refrigerator !ADR" and measured the current–
voltage curves of the thermometer junctions at ADR tem-
peratures from 350 to 200 mK. These curves provide a
calibration for the membrane temperature. The curves are
diode-like with a thermally activated current onset at a volt-
age set by the effective energy gap. The effective gap of two
junctions in series is twice the superconducting gap energy
!, which was 189 "eV in our Al. We next measured current–
voltage curves of the thermometer junctions at fixed ADR
temperature for different applied biases on the refrigerator
junctions. Curves for the membrane thermometer are shown
in Fig. 1!b". At the optimal refrigerator bias, the membrane
thermometer is cooled from 320 to 225 mK. This bias cor-
responds to a voltage drop Vb=0.91 ! /e across each of the
refrigerator junctions. When starting at an ADR temperature
of 260 mK, the membrane was cooled to 175 mK.
In a second experiment, we glued a neutron transmuta-
tion doped !NTD" germanium thermometer in the center of a
refrigerated membrane. The NTD, a cube 250 "m on a side,
is shown in Fig. 2. The resistance of the NTD was probed via
a pair of superconducting NbTi wires 20 "m in diameter !at
top of figure" and provided another measure of the tempera-
ture of the membrane and its contents. In Fig. 3 we plot the
measured membrane temperature as a function of refrigerator
bias at an ADR temperature of 320 mK. The temperature
reduction peaks for bias values near 0.9! /e, as expected. In
addition, the temperature measured with the NTD thermom-
eter closely follows the temperature measured with the junc-
tion thermometer located underneath the NTD. The NTD is
consistently 6–7 mK warmer than the junctions; this gradient
FIG. 1. !Color" !a" Optical micrograph of NIS refrigerator. Four pairs of
refrigerator junctions surround a micromachined Si3N4 membrane. Cold fin-
gers extend from the refrigerator junctions onto the membrane. Pairs of
thermometer junctions are located at the center of the membrane and on the
substrate. A 200 nm layer of Au !orange" covers the Al–Mn of the cold
fingers and the center of the membrane for better thermal conductivity.
There is no electrical connection between the cold fingers and the circuitry
in the center of the membrane. !b" Lines show measured current–voltage
curves of the membrane thermometer junctions at ADR temperatures from
350 to 200 mK. Markers show measured current–voltage curves of the
membrane thermometer junctions at an ADR temperature of 320 mK with
the refrigerator junctions unbiased !turned off" and biased !turned on". It can
be seen that the refrigerator cools the membrane from 320 to 225 mK.
FIG. 2. Scanning electron microscope image of NIS refrigerator with at-
tached neutron transmutation doped !NTD" germanium resistance thermom-
eter. One of the four pairs of refrigerator junctions is circled. Additional
junctions for thermometry are located beneath the NTD. The ratio of the
volumes of the NTD and the refrigerating junctions is comparable to the
ratio of the volumes of the Statue of Liberty and an ordinary person !about
11 000".
FIG. 3. Measured membrane temperature plotted vs refrigerator bias. Tem-
perature measurements are shown for the NTD thermometer and a junction
pair underneath the NTD. The peak cooling of the NTD corresponds to a
tripling of its physical resistance. The peak cooling occurs for refrigerator
bias values near 0.9! /e, as expected.
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Figure 1.9: Device and results of th cooling experiment by Clark et al. [16] (a) A false color SEM image
of the devic used in the experiment. The membrane is cooled by four cold fingers that are each cooled
by a pair of NIS junct ons at the center of each sid of the membrane. An NTD resistance thermometer is
epoxied to the center of the membrane to demonstrate cooling of bulk objects. (b) Plot of the temperature
of the NIS junction, represented as filled circles, and the temperature of the NTD thermometer, represented
as diamonds, versus refrigerator bias. The data were taken at a bath temperature of 320 mK.
at each corner. The legs were cooled by a pair of NIS junctions placed on top of the bulk silicon substrate at
the membrane-substrate boundary. Cold fingers were extended from the refrigerator to the membrane and
were covered with copper to increase their thermal conductivity. To demonstrate the cooling of a detector,
an x-ray transition edge sensor was also fabricated on the membrane. The detector could also be used as a
Johnson noise thermometer to determine the temperature of the membrane. Using this device, the authors
cooled the detector from 300 mK to 190 mK, as shown in figure 1.10 b. Next, they used the refrigerators
to cool the detector and measured an x-ray spectrum with the detector. At a bath temperature of 260 mK,
75 mK above the transition temperature of the superconducting detector, the authors were able to measure
the manganese Kα line with an energy resolution of 9.5 ± 0.3 eV full width at half maximum at 5.9 keV
with out any added noise from the NIS junctions. This experiment definitively showed that NIS junctions
could be used to refrigerate low temperature detectors.
Also in 2008, Hekking et al. developed a theory and proposed an experiment to measure electron-
phonon heat flow by cooling the electrons and phonons in a one dimensional suspended beam with NIS
junctions [34]. The first device made to test this theory was from Muhonen et al. in 2009 [59]. They
made a beam of three parts gold to one part palladium, by mass, on top of an aluminum superconducting
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High resolution x-ray transition-edge sensor cooled by tunnel
junction refrigerators
N. A. Miller,a! G. C. O’Neil, J. A. Beall, G. C. Hilton, K. D. Irwin, D. R. Schmidt,
L. R. Vale, and J. N. Ullom
National Institute of Standards and Technology, Boulder, Colorado 80305, USA
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We demonstrate cooling of an x-ray transition-edge sensor !TES" using solid-state refrigerators
based on normal-metal/insulator/superconductor !NIS" tunnel junctions. We are able to operate the
NIS refrigerators at a starting temperature of 260 mK, which is 75 mK above the TES transition
temperature !185 mK", and still achieve high quality x-ray spectra with an energy resolution of
9.5!0.3 eV full width at half maximum at 5.9 keV. The maximum cooling achieved by the NIS
refrigerators is 110 mK, from a starting temperature of 300 down to 190 mK. © 2008 American
Institute of Physics. #DOI: 10.1063/1.2913160$
Normal-metal/insulator/superconductor !NIS" tunnel
junctions can be used as solid-state refrigerators with the
potential to cool from 300 to 100 mK.1,2 Biasing an NIS
junction causes the hottest electrons in the normal metal to
tunnel across the insulator barrier into the superconductor,
which cools the remaining normal-metal electrons. Extend-
ing the normal metal onto a membrane as a cold finger cools
both the electrons and lattice of the electrically separate
membrane.3,4 In previous work, we dramatically increased
the size and cooling power of NIS junctions.5,6 Here, we
demonstrate the successful integration of NIS refrigerators
with a separate, technologically useful payload.
The payload is a superconducting transition-edge sensor
!TES" designed for x-ray detection. TESs are a critical tech-
nology for high-resolution x-ray spectroscopy, especially for
applications in materials analysis and astronomy.7,8 X-ray
TESs are superconducting thin films typically operated near
100 mK for optimal performance. Traditional refrigerators
used to reach 100 mK, adiabatic demagnetization refrigera-
tors !ADRs" and dilution refrigerators, have drawbacks for
some applications due to their complexity and size. Ex-
amples include commercial x-ray microanalysis systems and
space-borne detectors. Combining NIS refrigerators with a
sorption-pumped 3He system !base temperature 260 mK",
which is relatively inexpensive and small, provides a third
option for cooling devices to 100 mK. Alternatively, combin-
ing NIS refrigerators with an ADR allows for more design
options, including extended hold times, reduced mass, and
lower stray magnetic fields from the ADR.
An x-ray TES with integrated NIS refrigerators is shown
in Fig. 1!a". The TES is suspended on a 500 nm thick low-
stress SiNx membrane that is connected to the substrate
through four 39 "m wide by 23 "m long corner legs and
one 33 "m wide by 110 "m long side leg. The TES is a
250 "m by 250 "m bilayer of Mo and Cu, with a critical
temperature Tc=185 mK and a normal-state resistance
Rn,TES=16.2 m#. Three normal-metal Cu bars are added to
control the transition width and noise characteristics.9 A bis-
muth absorber !not shown", 1.55 "m thick, is deposited over
the TES to increase x-ray absorption. The TES is voltage
biased with a shunt resistor Rsh=727 "# and readout by two
stages of superconducting quantum interference devices
!SQUIDs". To measure the performance of the TES, an 55Fe
x-ray source is used to irradiate the TES through a 250 "m
diameter collimator.
A pair of NIS refrigerator junctions, each 15 "m wide
by 25 "m long, is located on the bulk substrate at each cor-
ner of the membrane #Fig. 1!b"$. The normal-metal elec-
trodes of the junctions are Al doped with Mn to suppress
superconductivity and the superconducting electrodes are el-
emental Al. The eight junctions in series have a normal-state
resistance Rn,NIS=36 # and zero-bias leakage resistance Rlk
%540 k#. The normal metal of each junction pair extends
onto the membrane as a cold finger. An additional layer of
Cu is added to the cold fingers to increase the thermal
conductivity.4
Completed devices are cooled in an ADR, allowing NIS
and TES behavior to be characterized down to an ADR tem-
perature TADR of 50 mK.
Johnson noise thermometry !JNT" is used to measure the
temperature of the unbiased TES without dissipating any
power. A Helmholtz coil outside the dewar is used to apply a
perpendicular magnetic field of 440 "T, which suppresses
the TES Tc from 185 to below 50 mK, making it possible to
use JNT at all ADR temperatures. The magnetic field has
only a small effect on the NIS I-V curves and does not sig-
nificantly change the cooling performance. The current noise
a"Electronic mail: nmiller@boulder.nist.gov.
FIG. 1. !Color online" !a" TES x-ray sensor integrated with NIS refrigera-
tors !Bi absorber not shown". Four pairs of NIS refrigerators are located at
the corners of a SiNx membrane !dashed outline". Y-shaped cold fingers
extend from the normal metal of the NIS junctions onto the membrane. !b"
False-color SEM image of membrane corner.
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where IN,sys is the system current noise !6 pA /#Hz" due to
the SQUIDs and kB is the Boltzmann constant. Biasing the
NIS refrigerators reduces the temperature of the cold fingers













which can be solved for TTES to find the temperature reduc-
tion $Fig. 2!a"%. Maximum cooling is observed from an ADR
temperature of 300 mK to a reduced TES temperature of
190 mK. The use of JNT allows unambiguous thermometry
even at the lowest temperatures. For instance, we observe
cooling from 60 to 54 mK and from 75 to 59 mK.
To calculate the theoretical cooling shown in Fig. 2!a",
we use an NIS thermal model to predict the temperature
reduction of the normal metal as a function of bias voltage
and bath temperature.5 We fit the measured NIS I-V
curves $Fig. 2!b"% to determine two model parameters:
!=201 "eV is the superconducting energy gap of the Al and
#=9% is the percentage of the power deposited in the super-
conductor that returns to the normal metal. The close agree-
ment between the I-V data and fits, over three decades of
current and numerous bath temperatures, lends authority to
the temperature predictions of the model. Potential cooling
with improved NIS refrigerators is also shown in Fig. 2!a",
where we have assumed more transparent tunnel junctions
and no power return !#=0". This curve shows that NIS re-
frigerators have the potential to provide working tempera-
tures below 100 mK from starting temperatures near
300 mK. We have previously fabricated devices with more
transparent tunnel junctions and a reduced power return !#
=4% ".5 A further reduction in # is attainable by improve-
ments in the design of the quasiparticle traps, which trap and
thermalize power deposited in the superconductor.10
With the NIS refrigerators on, we are able to operate the
TES at ADR temperatures above Tc by cooling the cold fin-
gers below Tc. When the TES is biased and dissipating
power, the TES I-V curves $Fig. 3!a"%, combined with a sepa-
rate measurement of the thermal conductance of the mem-
brane Gmem $Fig. 3!b"%, can be used to determine the cooling
provided by the NIS refrigerators when under load. TES I-V
curves alone are insufficient because biasing the NIS refrig-
erators increases the total thermal conductance between the
TES and the substrate.11 We have directly measured Gmem in
a separate test device where the cold fingers and NIS junc-
tions were replaced by a Cu film that extended onto the
substrate around the full perimeter of the TES. At a TES bias
power of 22 pW, the NIS refrigerators reduce the effective
bath temperature of the TES from 260 to 162 mK. Hence,
the 22 pW load from the biased TES reduces the cooling by
7 mK from the unbiased case in Fig. 2!a".
Figure 4!a" shows an NIS-cooled TES x-ray spectrum
taken at an ADR temperature of 260 mK, which is 75 mK
above the TES Tc. A theoretical fit to the Mn K$ complex
yields an energy resolution of 9.5%0.3 eV full width at half
maximum !FWHM" at 5.9 keV.12 This resolution is an im-
provement over previous work using superconducting detec-
tors at cryostat temperatures above 200 mK.13 As a further
comparison, current microanalysis systems employ Si-based
detectors with an energy resolution of 130 eV at 5.9 keV,
which is insufficient to resolve many technologically impor-
tant x-ray lines.7 Our present resolution of 9.5 eV is by no
means the physical limit. We calculate that the resolution can
be improved to 5 eV by reducing the size of the TES and
halving the steepness of the superconducting transition. Im-
provements in NIS cooling performance $Fig. 2!a"% will al-
FIG. 2. !Color online" !a" JNT of the unbiased TES with NIS refrigerators
off !open circles" and on !solid circles". Noise power averaged between 0.6
and 2 kHz !left axis" and cooling calculated from Eq. !2" !right axis". The
NIS cooling is well matched by theory !solid line". Potential cooling with
improved NIS refrigerators shown as dashed line. !b" Log-current plot of
NIS I-V curves. Data !circles" and theory !lines" show excellent agreement.
The inset shows the I-Vs on a linear current scale !axes units unchanged".
FIG. 3. !Color online" !a" TES I-Vs with the NIS refrigerators off !solid
lines" and on !dashed lines". !b" Thermal model for NIS-cooled TES. Ther-
mal conductances G and temperatures T are labeled for each element.
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Figure 1.10: Device and results of the co ling experiment by Miller et al. [58] (a) An image of the device
used in the experiment. The membrane, with a lithographically integrated transition edge sensor at the
center, is cooled by four pairs of refrigerator junctions at the corner of the membrane. The zoomed inset
shows a false color SEM of the refrigerator junctions. The junctions are placed on the edge of the membrane
and the cooling is transferred to the membrane by the cold fingers. (b) Plot of the temperature of the
transition edge sensor cooled, represented as filled circles, and uncooled, represented as open circles, versus
bath temperature. Device modeling is represented by the lines.
layer. Then, they etched away the silicon to form a suspende beam, as shown in figure 1.11 a. They
cooled the beam with the two outer refrigerator junctions, each with a resistance of 10 kΩ, and measured
the temperature with the inner two thermometer junctions, each with a resistance of 65 kΩ. The authors
observed a temperature reduction of the electron system of the beam from 145 mK to about 80 mK as shown
in figure 1.11 b. They also used the IV characteristics of the device to meas re he electron-phon n coupling
and the results agree with the measurements in the literature for a one dimensional device.
Kopinen et al. [43] performed similar measurements on one dimensional beams at the same time
as Muhonen et al. In their experiment, the authors made a device by evaporating copp r onto luminum
on a silicon nitride film. The authors left pieces of copper on top of the aluminum electrode not electrical
connected to the copper electrode of the refrigerator junctions to act as quasiparticle traps. The silicon
substrate was then etched away from the silicon nitride membrane to form a suspended beam, as shown
in figure 1.12 a. The temperature of the device was measured by two NIS thermometer junctions. The
authors measured a temperature reduction of the electron system of the beam from 100 mK to 42 mK with
their device and inferred that the phonons were cooled to the same temperature. They also measured the
electron-phonon coupling of the device and their results were similar to the results of Muhonen et al.
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We demonstrate electronic cooling of a suspended AuPd island using superconductor-
insulator-normal metal tunnel junctions. This was achieved by developing a simple fabrication
method for reliably releasing narrow submicron-sized metal beams. The process is based on reactive
ion etching and uses a conducting substrate to avoid charge-up damage and is compatible with, e.g.,
conventional e-beam lithography, shadow-angle metal deposition, and oxide tunnel junctions. The
devices function well and exhibit clear cooling, up to a factor of 2 at sub-Kelvin temperatures.
© 2009 American Institute of Physics. #DOI: 10.1063/1.3080668$
Nanomechanical devices1,2 at low temperatures are cur-
rently a topic of intense study.3 One motivation for this is the
possibility to drive these devices into their quantum limit by
cooling down their relevant mechanical modes below the
quantum of resonator energy.4 To actually perform nontrivial
quantum mechanical experiments, it is then necessary to
couple the resonator to some other elements. A large class of
interesting objects are metallic nanoelectronic devices, either
superconducting or normal metal. Many groups have ap-
proached the task at hand by separately fabricating a
nonconducting, possibly single crystal, mechanical
device, and then metallizing it.5–7 This has been done
also with superconductor-insulator-normal metal-insulator-
superconductor !SINIS" structures.8 Surprisingly, evaporated
metal beams can have almost as good mechanical
properties9,10 as their more obvious alternatives. Integrating
a metallic beam with a solid state refrigerator is therefore an
intriguing prospect. Suspended micrometer scale metallic
beams are in use in the field of bolometers11 and in micro-
electromechanical systems.12,13 However, only a few
examples14,15 of suspended metallic nanostructures with tun-
nel junctions have been fabricated so far.
With the motivation of studying the effect of suspension
on the properties of normal metal-insulator-superconductor
!NIS" electron coolers,16,17 we have developed a reliable and
straightforward fabrication process for fully metallic sus-
pended structures. The process is also useful for fabricating
other kinds of partly suspended metallic circuits which re-
quire tunnel junctions, e.g., qubit circuits. Our fabrication
process begins by e-beam patterning and angle evaporating a
circuit on a conducting substrate, in our case n-doped
!3–5 ! cm" unoxidized silicon. The normal metal used is
an alloy of Au !three parts by mass" and Pd !one part by
mass" and the superconducting material is Al. Al is deposited
first and then oxidized to form the tunnel barriers. After this,
AuPd is deposited from a different angle to form the island.
Film thicknesses are 65 nm for Al and 50 nm for AuPd and
the island width is about 90 nm. After lift-off, we release the
narrow parts of the pattern from the substrate by isotropic
etching using SF6 in a reactive ion etcher. Pressure of 100
mTorr, power of 80 W, SF6 flow of 30 SCCM !SCCM de-
notes standard cubic centimeters per minute at STP" and O2
flow of 5 SCCM were used. These parameters produced a
nicely isotropic etching profile, which allows us to selec-
tively suspend only the narrowest parts by using suitable
etching time, which was roughly 1 min in our case. With this
method, we fabricated SINIS refrigerators in which only the
normal metal island is released from the substrate, as de-
picted in Fig. 1. Naturally, the edges of wide structures are
also suspended.
High-resistivity Si and Si with a 300 nm thick SiO2 layer
on top of it were first tried as substrate materials but it turned
out that with these insulating materials always at least one of
a"Electronic mail: juha.muhonen@tkk.fi.
b"On leave from Lebedev Physical Institute, Moscow 119991, Russia.
FIG. 1. !Color online" Suspended SINIS cooler and measurement schemat-
ics. AuPd !light" island is connected to Al !gray" leads through tunnel junc-
tions. The larger junctions are voltage biased for cooling and the smaller
ones current biased for thermometry. The gate electrode in the bottom was
not used in the present measurements.
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the junctions was shorted after etching. This might be due to
the so-called antenna effect that has been studied before18,19
in the context of gate oxide damage in semiconductors.
Metal films directly in contact with the plasma can act as
charge collecting antennas during etching; hence, causing
voltage to build up over the oxides separating them from
other layers. If we consider that in our samples the bonding
pads are acting as antennas and are connected to the Al leads,
assuming charge collection of 10 pA /!m2 !Ref. 19" could
lead to a voltage variation of some volts over the junctions.
Using conductive substrate, in our case n-doped Si, sup-
presses this effect as the junctions are effectively shunted
through the substrate.
The theoretical cooling power and electric current of
SINIS structures are quite well understood !see, e.g., Ref. 20"
for a review and formulas. Qualitatively, no current flows if
the voltage over each NIS junction is below " /e, i.e., 2" /e
for two junctions in series, where " is the superconducti g
gap. When a voltage bias is appl ed cross th junction so
that the Fe mi level of the normal metal part is shifted u -
wards by nergy eV#" current can start flowing. If the bias
voltage is just below the gap, the tunnel junctions serve as
energy filters by selectively allowing, depending on polarity,
either hot electrons to exit or cool ones to enter the normal
metal island. Since there are two such junctions in series,
both these processes coexist. This then leads to sharpening of
the Fermi distribution of the electron gas, i.e., cooling. When
the bias voltage is much above the gap value, the junction
will start to act as normal resistor with linear cur ent-
voltage !I-V" behavior and Joule heating appears. At elevated
temperatures, the I-V characteristics get increasingly rounded
at the gap edges. This effect is used for thermometry by
current biasing the smaller junctions with a small probe cur-
rent !on the order of picoampere" and measuring the induced
voltage, which approaches 2" /e when T#" /kB and zero at
high temperatures. Figure 1 illustrates the basic measurement
schematics. The resistances of the small junctions are ap-
proximately 65 k$ and the larger cooling junctions have
resistanc of about 10 k$.
To calibrate the thermometer, we sweep the bath tem-
perature of our dilution refrigerator while passing approxi-
mately a 12 pA probe current from a dc current source
through the probe junctions. We then record the probe volt-
age Vprobe at different bath temperatures, which is shown in
Fig. 2!a". The cooler junctions are biased with a zero voltage
such that there is no intentional heating or cooling of the
suspended island electrons. This guarantees that the island
temperature follows the bath except for noise heating, which
c n be seen as the saturation of the island electron tempera-
ture at l w bath temp ratures. From the theory,20 it is ex-
pected that at low temperatures, the relation between the
probe voltage and the electron temperature is linear, which
allows us to extrapolate the calibration to lowest tempera-
tures. The island temperature as a function of the bath tem-
perature at zero cooler bias voltage is shown in Fig. 2!b".
Figure 3!a" illustrates some of the measured current-
voltage characteristics of the cooler junctions. The BCS gap
is extracted by fitting the theoretical I-V curves to the mea-
sur me t data, t king i to account the charging energy,21
measured to be roughly 190 mK. The gap was determined to
be " /e#194%6 !V. This is in accordance with " nor-
mally measured in aluminum films of such thickness. The
dependence of Tel on the cooler voltage Vcooler at different
bath temperatures is shown in Fig. 3!b". The cooler functions
well. At best the cooled electron temperature !Vcooler
#400 !V" is a factor of 2 lower than the temperature at
zero bias !Vcooler=0". From the lowest zero bias temperature
of 145 mK, the electron gas cools to roughly 80 mK.
In bulk samples at sub-Kelvin temperatures, the elec-
trons are effectively decoupled from the ambient phonons
and the power flowing from electrons to phonons is given by
P=&V!Tel5 −Tph5 ",22 where V is the volume of the metal, & is
a material parameter, and Tel and Tph are the electron tem-
perature and phonon temperature, respectively. However, at
the lowest temperatures, our sample’s transverse dimensions
become sm ller than the therm l wavelength of the phonons,
d fined a !hcl" / !kBT", where cl is the speed of sound; hence,
affecting the phonon dimensionality and presumably this
power law.23–25 In our geometry, this criterion means that at
temperatures below roughly 450 mK, the phonon system
should be fully one dimensional, assuming that the speed of
FIG. 2. !Color online" !a" Calibration of the integrated electron thermom-
eter. The measured data !Vcooler=0" is shown by dots. The dashed line is a
linear fit to the center region. The solid line is the calibration used in this
paper. Note that the exact normal metal temperature values below 100 mK
or so may not be fully accurate $in !b" and Fig. 3% due to extrapolation. The
asymptotic linear behavior and intersection at about 2" /e are quantitatively
correct though. The thermometer loses sensitivity at high temperatures. !b"
Dependence of island temperature Tel on the bath temperature Tbath at zero
cooler bias. The normal metal island does not cool below 145 mK even
when the cryostat !phonon" temperature is reduced below this. The solid line
is a fit assuming conventional bulk electron-phonon coupling. The inset is a
close up on the low temperature end showing a fit with the T3 electron-
phonon coupling as a dashed line.
FIG. 3. !Color online" !a" Measured current-voltage curves of the cooler
junctions at different bath temperatures. !b" Suspended island electron tem-
peratures as function of the cooler bias voltage at same temperatures as in
!a". The cooling curves and I-V curves are measured simultaneously using
the configuration shown Fig. 1. The bath temperatures are !from bottom
to top" 103, 211, 295, 373, and 460 mK. A the bath temperature is lowered,
the I-V curves get sharper.
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Figure 1.11: Device and results of the cooling experiment by Muhonen et al. [59] (a) A false color SEM
image of the device used in the exp rime t. A suspended beam is cooled by the outer refrigerator junctions
and the temperature is measu d by the nner thermome er junc ions. (b) Plot of the electron temperature
in the normal metal versus refrigerator bias at various bath temperatures.
! ¼ 215 !eV for our samples. Two main observations are
immediately apparent: (i) At the lowest bath temperature
50 mK, where the nanowire has a temperature 100 mK at
zero cooler bias (due to noise power of "6 fW radiated
from higher temperature parts of the circuit), the lowest
temperature achieved around V"2!=e was 42 mK, a re-
duction of "60 mK. (ii) The cooler clearly still works at
bath temperatures as high as 600 mK. These are the main
results of this work, and in the following we elaborate on
the physics by comparing samples of different sizes and
results between suspended wires and wires on bulk
substrates.
Cooler samples on bulk substrates were fabricated with
the same metal film and tunnel junction geometry as the
suspended samples during the same fabrication run [16].
Figure 2(a) shows the measured cooling (ratio of measured
temperature to the bath temperature) vs bath temperature at
optimal cooling bias for a suspended (green) and a bulk
(black) sample, both with wire lengths 20 !m and similar
junction properties, whereas Fig. 2(b) shows it for longer
30 !m wires. Clearly, the suspended samples in both cases
show better cooling ("20% improvement at 300 mK) ex-
tending to much higher bath temperatures (up to
"600 mK), pointing to a difference in the dissipation
mechanisms between the bulk and suspended samples. A
further confirmation of the differences can be seen by
comparing the TðVcoolerÞ curves [16]. In addition, in
Fig. 2(c) we compare cooling for three suspended samples
in pairs: Two samples have different nanowire sizes but the
same tunnel junction properties (L¼20!m, w ¼ 200 nm
(black) and L ¼ 30 !m, w ¼ 300 nm (green), RT "
3 k"), whereas the third sample (red) has the same size
as the longer wire of the previous pair, but more transparent
tunnel barriers (RT " 1:7 k"). It is quite clear that the size
of the suspended nanowire has no effect on the cooling
behavior, whereas the tunnel resistance RT has a stronger
effect, as expected by theory [16]. This size-independence
proves that neither 3D [10] nor 1D [15] electron-phonon
(e-ph) interaction limits the heat flow in the suspended
samples, unlike in bulk coolers, where a strong volume
dependence is observed [9] due to the 3D e-ph interaction
[clearly noticeable by comparing the bulk results in
Figs. 2(a) and 2(b)]. We can thus deduce that electrons
and phonons in the suspended wire are in quasiequilibrium
(common temperature) and are therefore both cooled si-
multaneously. Moreover, we have observed that there are
no temperature gradients within the wire [16] so that
electronic diffusion [19] is not operational either. This
means that heat flow is limited by phonon transmission
(phonon thermal conductance), and must be dominated by
the interface between the suspended wire and the bulk
because of the lack of wire length dependence.
In quantitative terms, the heat flow between the substrate
and the suspended nanowire is determined by the power
FIG. 1 (color online). (a) Schematic of the operation principle of an NIS tunnel junction cooler. The superconducting gap ! filters
through only hot electrons from the normal metal. Heat is removed from the normal metal and injected into the superconductor, which
must be efficiently removed by quasiparticle traps [9]. (b) Theoretically calculated cooling curves vs bias voltage with different hot
quasiparticle removal (trapping) efficiencies. The curves with less cooling correspond to worse trapping efficiency (effectively hotter
superconductor). (c) Schematic of the measurement setup and a scanning electron micrograph of a typical suspended sample. Yellow
color indicates Cu (normal metal), blue Al (superconductor). Cooler junctions are located at the edge of the substrate, whereas the
thermometer junctions are at the center of the nanowire [16]. (d) Measured temperature of a typical nanowire sample as a function of
cooler voltage at bath temperatures 50, 160, 200, 300, 400, and 600 mK, dashed line corresponds to 42 mK.





! ¼ 215 !eV for our samples. Two main observations are
immediately apparent: (i) At the lowest bath temperature
50 mK, where the nanowire has a temperature 100 mK at
zero cooler bias (due to noise power of "6 fW radiated
from higher temperature parts of the circuit), the lowest
temp rature achieved around V"2!=e was 42 mK, a re-
duction of "60 mK. (ii) The cooler clearly still works at
b h temperatures as high as 600 mK. These are the main
results of this work, and in the following we elaborate on
the physics by comparing samples of different sizes and
results between suspended wires and wires on bulk
substrates.
Cooler samples on bulk substrates were fabricated with
the same metal film and tunnel junction geometry as the
suspended samples during the same fabrication run [16].
Figure 2(a) shows the measured cooling (ratio of measured
temperature to the bath temperature) vs bath temperature at
optimal cooling bias for a suspended (green) and a bulk
(black) sample, both with wire lengths 20 !m and similar
junction properties, whereas Fig. 2(b) shows it for longer
30 !m wires. Clearly, the suspended samples in both cases
show better cooling ("20% improvement at 300 mK) ex-
tending to much higher bath temperatures (up to
"600 mK), pointing to a difference in the dissipation
mechanisms between the bulk and suspended samples. A
further confirmation of the differences can be seen by
comparing the TðVcoolerÞ curves [16]. In addition, in
Fig. 2(c) we compare cooling for three suspended samples
in pairs: Two samples have different nanowire sizes but the
same tunnel junction properties (L¼20!m, w ¼ 200 nm
(black) and L ¼ 30 !m, w ¼ 300 nm (green), RT "
3 k"), whereas the third sample (red) has the same size
as the longer wire of the previous pair, but more transparent
tunnel barriers (RT " 1:7 k"). It is quite clear that the size
of the suspended nanowire has no effect on the cooling
behavior, whereas the tunnel resistance RT has a stronger
effect, as expected by theory [16]. This size-independence
proves that neither 3D [10] nor 1D [15] electron-phonon
(e-ph) interaction limits the heat flow in the suspended
samples, unlike in bulk coolers, where a strong volume
dependence is observed [9] due to the 3D e-ph interaction
[clearly noticeable by comparing the bulk results in
Figs. 2(a) and 2(b)]. We can thus deduce that electrons
and phonons in the suspended wire are in quasiequilibrium
(common temperature) and are therefore both cooled si-
multaneously. Moreover, we have observed that there are
no temperature gradients within the wire [16] so that
electronic diffusion [19] is not operational either. This
means that heat flow is limited by phonon transmission
(phonon thermal conductance), and must be dominated by
the interface between the suspended wire and the bulk
because of the lack of wire length dependence.
In quantitative terms, the heat flow between the substrate
and the suspended nanowire is determined by the power
FIG. 1 (color online). (a) Schematic of the operation principle of an NIS tunnel junction cooler. The superconducting gap ! filters
through only hot electrons from the normal metal. Heat is removed from the normal metal and injected into the superconductor, which
must be efficiently removed by quasiparticle traps [9]. (b) Theoretically calculated cooling curves vs bias voltage with different hot
quasiparticle removal (trapping) efficiencies. The curves with less cooling correspond to worse trapping efficiency (effectively hotter
superconductor). (c) Schematic of the measurement setup and a scanning electron micrograph of a typical suspended sample. Yellow
color indicates Cu (normal metal), blue Al (superconductor). Cooler junctions are located at the edge of the substrate, whereas the
thermometer junctions are at the center of the nanowire [16]. (d) Measured temperature of a typical nanowire sample as a function of
cooler voltage at bath temperatures 50, 160, 200, 300, 400, and 600 mK, dashed line corresponds to 42 mK.





Figure 1.12: Device and results of the cooling experiment by Kopinen et al. [43] (a) A false color SEM image
f the device used in he experim nt. The su pended beam is cooled by the outer refrigerator junctions and
the temperature is measured with the thermometer junctions. (b) Plot of the temperature of the suspended
beam versus refrigerator bias at various bath temperatures.
All of the previous experiments used aluminum as the superconductor because it forms a good oxide
which is required for tunnel junctions. However, his limits the operating temperature of the junctions;
refrigeration was limited to sub-Kelvin temperatures. While it is relatively easy to get to temperatures
of about 300 mK using a pumped 3He system, it is rather expensive. Temperatures of about 1 K can be
21
reached by simply pumping on the much more abundant, and cheaper, 4He. The first demonstration of a
tunnel junction refrigerator operating at temperatures near 1 K was made by Quaranta et al. in 2011 [75].
In their experiment, the authors made SIS tunnel junctions using vanadium / aluminum / aluminum oxide
/ aluminum tunnel junctions. Vanadium has a higher critical temperature than aluminum, which allows the
junction to operate at higher temperatures. The aluminum is cooled by two refrigerator junctions and the
electron temperature is measured by two thermometer junctions as shown in figure 1.13 a. The results of
the cooling experiment are shown in figure 1.13 b, which shows that the device cooled the electrons from
1 K to 400 mK. This results of this experiment opened up the possibility of combining a similar device with
an NIS refrigerator to make a single device that could cool from 1 K to below 100 mK.
Cooling electrons from 1 to 0.4 K with V-based nanorefrigerators
O. Quaranta, P. Spathis, F. Beltram, and F. Giazottoa!
NEST, Istituto Nanoscienze–CNR and Scuola Normale Superiore, Piazza S. Silvestro 12, I-56127 Pisa, Italy
!Received 3 November 2010; accepted 31 December 2010; published online 19 January 2011"
The fabrication and operation of V-based superconducting nanorefrigerators is reported.
Specifically, electrons in an Al island are cooled, thanks to hot-quasiparticle extraction provided
by tunnel-coupled V electrodes. Electronic temperature reduction down to 400 mK starting from
1 K is demonstrated with an estimated cooling power of #20 pW at 1 K for a junction area of
0.3 !m2. © 2011 American Institute of Physics. $doi:10.1063/1.3544058%
The investigation of heat transport at the nanoscale is
currently the focus of an intense research effort.1 In this
context, solid-state refrigeration with an emphasis on super-
conducting tunnel structures is under the spotlight.1–8 These
superconducting refrigerators yielded the demonstration of
sizable electron-temperature reductions,3,5,8 allowing to
reach few tens of millikelvins in optimized structures. These
structures make a widespread use of Al as superconductor
since this material makes it possible to fabricate high-quality
tunnel junctions. On the other hand, however, Al limits the
operation temperature of the coolers to a few hundreds of
millikelvins, owing to the low value of its critical tempera-
ture. Indeed, the exploitation of a superconducting gap larger
than that of Al is technologically challenging but would give
the opportunity to extend this cooling method up to tempera-
tures around or above 1 K.
Here, we report the fabrication and operation of
V /Al /AlOx /Al all-superconducting refrigerators which dem-
onstrate up to 60% reduction of electron temperature when
operated at 1 K and provide an estimated cooling-power den-
sity of #65 pW /!m2. The fabrication protocol yields junc-
tions with excellent stability and reduced aging.
Figure 1!a" shows a scanning electron micrograph of a
V-based double refrigerator along with a scheme of the mea-
surement setup. A blowup of the device which consists of a
15-nm-thick 600"1200 nm2 Al island !S!" tunnel coupled
to four V electrodes !S" is displayed in Fig. 1!b". Samples
were fabricated by e-beam lithography and two-angle
shadow-mask metal evaporation. Figure 1!c" shows a cross
section of the junctions. The barriers were obtained by oxi-
dation of the Al layer in 100 mTorr of O2 for 20!, leading to
tunnel junctions with #300 # !m2 specific resistance. Di-
rect evaporation of V onto AlOx degrades junction quality;
therefore, a 15-nm-thick Al interlayer was first deposited to
prevent direct contact between V and the oxide layer. The
resulting V /Al /AlOx /Al junctions showed excellent stability
against thermal cycling and reduced aging. The two lateral
junctions !with normal-state resistance RT&2 k# each" are
operated as electron coolers through current injection Iinj,1,4
whereas the two inner !with RT&2–3 k# each" are used as
the Josephson thermometers to probe electron temperature in
the island. The critical temperature of the Al island was Tc
S!
&1.55 K, whereas that of the 120/15-nm-thick V/Al bilayer
was Tc
S&4 K.9 Figure 1!d" shows a reference structure that
will be discussed later in the text. It consists of a few V
tunnel junctions connected to a large-volume Al electrode.
Samples were characterized down to 280 mK in a fil-
tered 3He cryostat as follows. We first calibrated the Joseph-
son thermometers,1,4 i.e., the series connection of the two
central SIS! junctions !I denotes an insulator". To this end the
dependence of the equilibrium Josephson critical current !Ic"
on bath temperature !Tbath" was determined. These results
were then used to convert the supercurrent amplitude under
injection Vinj into an electronic temperature value in the Al
island. In the following we shall present results obtained in
two representative devices referred to as A and B.
Figure 2!a" shows the differential conductance dIJ /dVJ
versus voltage VJ for thermometer junctions in device A at
different Tbath values. Curves are vertically offset for clarity.
The two peaks appearing at higher voltage correspond to
VJ=$2!%S+%S!" /e, while those appearing at lower energy
to VJ=$2!%S−%S!" /e. This is the typical behavior of the
tunneling characteristic between two different superconduct-


































FIG. 1. !Color online" !a" Scanning electron micrograph of a typical
V-based nanorefrigerator along with a scheme of the measurement setup. Iinj
is the current driven through the cooling junctions, while IJ is that flowing
through the Josephson thermometers. !b" A pseudocolor blowup of the de-
vice core. V is the larger gap superconductor !S" acting as electron refrig-
erator. !c" Cross section of the junctions !not to scale". !d" Pseudocolor
micrograph of a reference structure consisting of a large-volume Al
electrode.
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which holds if the quasiparticle relaxation rate exceeds the
injection rate through the refrigerator junctions.1 We verified
that this condition is fulfilled in our structures,14,15 thus sup-
porting the frame of a thermal regime.
Under bias voltage Vinj the heat current flowing from
S! to S electrodes of an ideal SIS!IS refrigerator is given
by1,4 Q˙ =2!e2RT"−1#d!!NS!!˜"NS!!!"$f0!! ,TeS!"− f0!!˜ ,TeS"%,
where !˜=!−eVinj /2, f0!! ,T" is the Fermi-Dirac
function at temperature T, and NS,S!!!"= &Re$!!
+ i"S,S!" /'!!+ i"S,S!"2−#S,S!2 !TeS,S!"%& is the smeared BCS
density of states, where "S,S! accounts for nonidealities in
S!S!".1,5 We consider a transport regime where strong quasi-
particle interaction in S! forces the electron system to retain
a thermal quasiequilibrium at temperature Te
S! differing, in
general, from Tbath. The actual Te
S! upon current injection is
the result of the competition between Q˙ and other relaxation
mechanisms transferring energy into S!. At low Tbath the pre-
dominant contribution comes from electron-phonon interac-
tion Q˙ e-phS! $see Eq. !2" of Ref. 15% which allows energy ex-
change between electrons and lattice phonons.1,15 The steady
state Te
S! is obtained by solving the energy-balance equation
Q˙ !Vinj ,Tbath ,TeS!"+Q˙ e-phS! !Tbath ,TeS!"=0.16
Solid lines in Fig. 4!b" represent Te
min as obtained from
the solution of the balance equation for two values of "S!S!".
In particular, an increase of "S!S!" leads for each Tbath to a
reduced cooling which stems from enhanced heating origi-
nating from subgap current in tunnel junctions.1,5,17 Yet, the
comparison between the experiment and calculation high-
lights a marked discrepancy from both the qualitative and
quantitative points of view. The reduced cooling observed at
Tbath$1.1 K could stem from a substantial weakening of the
effective gap at the junction region due to the inverse prox-
imity effect. On the other hand, the experimental data seem
to suggest that at lower Tbath strengthening of the effective
gap of the V/Al bilayer leads to a more efficient cooling than
that expected in an ideal refrigerator. The nature of our junc-
tions which include the !Al" interlayer might explain the
strong deviation from this rather simplified model. In this
context, a detailed analysis of the proximity effect in the
V/Al bilayer would be required for an accurate description of
heat transport in the structure.
We should finally comment on the available cooling
power. Based on the expression for Q˙ we estimate that our
structures provide a aximum Q˙ of (20 pW at 1 K corre-
sponding to (65 pW /%m2 areal cooling-power density.
This value can be increased by either lowering the junction
specific resistance or by optimizing the thickness of the Al
interlayer. In the latter case this might help to tailor the local
density of states at the junction region leading to enhanced
performance at the operation temperature.
In conclusion, we have reported the fabrication and op-
eration of V-based nanorefrigerators. These coolers show a
significant temperature reduction, i.e., up to 60% when op-
erating at 1 K, and provide an estimated areal cooling-power
density of (65 pW /%m2. Furthermore, the fabrication pro-
tocol yields junctions with excellent stability and reduced
aging. The cooler behavior strongly deviates from that of a
conventional superco ducting refrigerator, and this discrep-
ancy might be attributed to the role of proximity effect in the
junction interlayer. Further investigation is needed to clarify
this point.
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FIG. 4. !Color online" !a" Ic vs Tbath for devices A and B at the equilibrium,
i.e., at Vinj =0 !open squares", and at Vinjopt !solid dots". !b" Minimum electron
temperature Te
min at Vinj
opt vs Tbath for both samples !solid dots". Dashed-dotted
lines are guides for the eyes. Full lines are the prediction for an ideal SIS!IS
refrigerator with the same parameters as in our samples calculated for two
values of "S!S!". Dashed line represents Te
min
=Tbath.
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Figure 1.13: Device and results of the cooling experiment by Quaranta et al. [75] (a) A false color SEM
image of the device used in the experiment. The aluminum strip is cooled by the outer refrigerator junctions
and the temperature is measured by the inner th rmometer junctions. (b) Plot of the cooled emperature
of the aluminum film versus bath temperature.
The next demonstration of cooling a separate electronic circuit using NIS junctions was presented by
Vercruyssen et al. in 2011, where the authors measured the quasiparticle rec mbination time in resonators
[99]. In their experiment, they fabricated a superconducting resonator on a thermally isolated silicon nitride
membrane that was thermally isolated from the bulk substrate, as shown in figure 1.14 a. At the base
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of each leg was an array of 20 NIS tunnel junctions that cooled the membrane. When they characterized
their resonator, the authors observed that the quasiparticle recombination time was an order of magnitude
larger for the device on the membrane then for a similar device on the bulk substrate, and the temperature
dependence of the value followed a different form. They determined that the phonon temperature affects
the quasiparticle recombination time and to test this, they heated and cooled the membrane with the NIS
junctions, as shown in figure 1.14 b. While they only cooled their device by a maximum of about 0.6 mK,
they were able to measure the effect of phonon temperature on their resonator.
Substrate-dependent quasiparticle recombination time in superconducting
resonators
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We demonstrate an increased quasiparticle recombination time in superconducting resonators on a
SiNx membrane, compared to identical resonators on a SiNx/Si wafer. An interpretation is given
using a thermal model of the membrane. Using an array of tunnel junctions to cool or heat the
membrane, we show that the resonators on the membranes are extremely sensitive to small changes





. The experimental set-up is in principle an ideal platform to study the
interplay of quasiparticles and phonon populations in superconductors. VC 2011 American Institute
of Physics. [doi:10.1063/1.3624463]
Superconducting devices for space astronomy and quan-
tum computation are operated at temperatures below
300 mK. At those low temperatures, it is usually assumed
that the electronic system of the superconductor reaches the
temperature of the environment, leading to a low density of
quasiparticles – low enough to minimize loss and the recom-
bination rate and to maximize the coherence time in qubits.
In practice, it has been found that the quasiparticle density is
higher than what can be expected based on the temperature
alone.1 In addition, in many experiments, the recombination
rate is influenced by the interaction with the phonons, as has
been analyzed early in the context of laser-pulse experiments
by Rothwarf and Taylor.2 We report on the development of a
platform to study the interplay between phonons and elec-
trons, which enables a comparison of resonators on different
support structures as well as a possibility to add phonons
(heating) or remove phonons (cooling) from the material
interacting with the resonator.
A SiNx membrane
3 of thickness 100 nm and macroscopic
area of 1! 1 mm2 is equipped with two Al quarterwave super-
conducting resonators (light square in Fig. 1(a) with resona-
tors, schematic cross section in Fig. 1(c)). Four resonators are
located on the full SiNx/Si wafer, consisting of 100 nm SiNx
on 200 lm Si. The resonators are patterned by electron beam
lithography (EBL) and a chlorine reactive ion etch, after sput-
ter deposition of a 100 nm thick Al film.
The samples are measured in a He-3 sorption fridge with
a base temperature of 300 mK. Measurements on all six reso-
nators are performed simultaneously with a single feed line,
to which the resonators are capacitively coupled. The trans-
mission S21 is measured with a signal generator, a low noise
cold amplifier, a quadrature mixer, and an analog to digital
converter.4 Through the kinetic inductance of the supercon-
ducting condensate, the resonant frequency f0 of each resona-
tor depends on the Cooper pair density and hence on











p dnqp ¼ Rdnqp; (1)
where a is the ratio of the kinetic inductance to the total in-
ductance, b is a geometric factor characteristic for the super-
conducting surface resistance, D is the superconducting gap,
a d R is the respo sivity.4 The phase h of S21 is a direct mea-
sure for the number of quasiparticles through the relation
dh ¼ &4Ql dff0 ¼ &4QlRdnqp, with Ql the loaded quality
factor.
FIG. 1. (Color online) (a) Six Al superconducting resonators, of which four
are located on the SiNx/Si wafer and two on a 100 nm thick, 1! 1 mm2 SiNx
membrane. Four L shaped Cu slabs thermalize the membrane to four junc-
tion arrays, each consisting out of 20 SINIS tunnel junctions (b). (c) Sche-
matic cross section of the device layout. (d) Thermal circuit diagram, CAl
and Csubs are the respective heat capacities of the Al film and the substrate.
Gel and Gph are the electronic and phononic heat conductances.
a)Author to whom correspondence should be addressed. Electronic mail:
n.vercruyssen@tudelft.nl.
b)Current address: University of California, Santa Barbara, California 93106,
USA.
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evaporation through a double resist layer, patterned by EBL.
A 20 nm thick Al layer is oxidized in situ for 5 min in a pure
oxygen atmosphere at a pressure of 4.6 mbar to create the
tunnel barrier and covered with a 50 nm Cu top layer. Four
massive L-shaped Cu slabs are located on the membrane
(Figs. 1(a) and 1(b)) to thermalize the membrane phonons to
electrons of the junction.
Using a battery-powered current bias, we measure the
current voltage characteristic (IV) of the junction array. Due
to fast electron-electron interactions, the Cu electrons are
assumed to be in quasi-equilibrium with a temperature TN.
The current is then given by
2eRnI ¼
ð
dENðEÞ½fNðEþ eV=2; TNÞ & fNðE& eV=2; TNÞ';
(3)
where Rn is the normal state resistance, fN is the supercon-
ducting density of states, and fN is the occupation number of
the normal metal electrons. Due to the superconducting gap,
only electrons with an energy higher than E>D& eV/2 can
tunnel out of the normal metal. At low voltages eV< 2D, this
results in cooling of the normal metal electrons. At higher
voltages, pair breaking becomes possible with heating as a
result. The temperature TN can be obtained from the meas-
ured IV using Eq. (3), with Rn¼ 18.3 X and D¼ 205 leV.
Fig. 3 shows the temperature of the resonator on the
membrane as a function of the bias current applied to the
junctions, at three different bath temperatures. Cooling and
heating of the resonator are clearly observed, with a maxi-
mum cooling of 0.6 mK (corresponding to 10 mK at the
junction, at a voltage V( 0.25 mV (Ref. 12)). The fact that
we observe quasiparticle cooling of the resonators indicates
that the membrane phonons mediate the cooling of the
junction.
The temperature of the resonator is inferred from the





e&D=kT . The high quality factors
Ql( 104 – 106 make these resonators extremely sensitive, as
can be seen from the accuracy with which temperature dif-
ferences smaller than a mK can be measured. To quantify
this, we calculate which temperature difference generates a
signal equal to the system noise: SDT¼ SNoise. For phase read
out, this is equivalent to dhdT DT ¼ DhNoise. At an integration
time of 1 s, this gives an equivalent temperature difference
of DT< 5 lK. This demonstrates the potential of resonators
as sensitive thermometers, suitable for time resolved meas-
urements, analogous to recent results for detection of pho-
nons generated by cosmic rays.13
In conclusion, we experimentally studied the interplay
between phonon and quasiparticle nonequilibrium in a super-
conducting resonator. We have demonstrated that the relaxa-
tion times of resonators on a SiNx membrane are an order of
magnitude higher than the ones on the SiNx/Si wafer. We
have also shown that the response of the resonators is very
sensitive to the phonon bath of the membrane, of which we
electronically changed the temperature. Ideally, it should
also be possible to include SIS tunnel junctions to generate
not just a thermal phonon distribution but also preferentially
2D-phonons from recombination.14
This work has been supported by EPSRC grant EP/
F040784/1 and the European Community’s FP7 Programme
under Grant Agreements No. 228464 (MICROKELVIN,
Capacities Specific Programme).
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FIG. 3. (Color online) The temperature difference of the superconducting
resonator versus the bias currents of the junction array, at three different
bath temperatures. The inset shows the real time phase response h of the res-
onator to two different biases, modulated with a 20 Hz square wave.
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Figure 1.14: Device and results of the cooling experiment by Vercruyss n et al. [99] (a) An optical image
of the device used in the experiment. A resonator is placed at the center of the membrane, which is cooled
by an array of 20 NIS junctions at the base of each leg, as shown in the inset. (b) Plot of the change in
temperature of the membrane versus junction bias at various bath temperatures.
Up to th s point, there have been two phil sophies of maki g NIS refrigerators. Large temperature
reductions, from 300 mK to about 100 mK, had been demonstrated using sub-micron devices, but they had
insufficient cooling powers to cool large circuits. Junctions with much larger cooling powers had been made,
but their temperature reduction was not as large as their smaller counterparts. One reason for this difference
in base temperature comes from the quasiparticle back flow term. In sub-micron junctions, it is easier for
the quasiparticles to diffuse away from the junction rather than tunnel back across to the normal metal.
When the junction becomes larger, it is harder for the quasiparticles at the center of the junction to diffuse
away, and more are deposited into the normal metal, causing a much l ger power l ad. This problem could
be fixed with the addition of better quasiparticle traps.
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The first experiment to demonstrate temperature reductions from 300 mK to about 100 mK with
large junctions, and therefore, large cooling powers, was demonstrated by O’Neil et al. in 2012 [68]. The
authors improved the quasiparticle trapping in these devices by adding an additional normal metal layer
over the entire superconductor, including over the junctions, which dramatically improved the quasiparticle
trapping. This improves the trapping over lateral traps in two ways. First, the lateral traps produced
in previous experiments were made in the same process as the refrigerator junctions, and therefore, have
an oxidation layer between the two metals. While this is necessary for refrigerator junctions, it hurts the
performance of the trap because the quasiparticle must now tunnel across this barrier. However, a small
barrier is required so the normal metal does not affect the properties of the superconductor through the
proximity effect. Therefore, by placing the quasiparticle trap on top of the junction, a much thinner oxide
layer, ideal for trapping, can be formed. The second problem with the lateral traps is that they can only
be close to the perimeter of the junctions which means that the quasiparticle must diffuse a long distance
before it can be trapped, increasing the chance it can tunnel back to the normal metal. If the trap is placed
above the superconductor, the quasiparticle only needs to diffuse the thickness of the superconductor, which
is normally a few hundred nanometers. Also, since the oxide layer is much thinner than the refrigerator
junction, a quasiparticle in the junction area is more likely to tunnel across the trap barrier than the
refrigerator barrier, which also improves the refrigerator performance.
The device performance was also improved by the authors developing a comprehensive thermal model
that solved a power balance equation that included the power loads from the quasiparticles, electron temper-
ature of the trapping layers, and the phonon temperature in all of the layers. The model provided a zero free
parameter model that allowed the authors to design devices to optimally cool from 300 mK to 100 mK. The
model also provided a method of calculating the percentage of the power deposited into the superconductor
that returned to the normal metal, β in the β model.
The devices used in this experiment were similar to the devices used by Clark et al., but with im-
provements to increase the observed temperature reduction. The base electrode was made thinner to reduce
the electron-phonon coupling, the device aspect ratio was changed to minimize Joule heating, and the de-
vices had an additional normal metal quasiparticle trap covering the superconductor. In order to prevent
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the normal metal affecting the superconducting properties of the aluminum through the proximity effect,
a very thin oxide layer, about 60 Ωµm2, was placed between the two metals. It was thick enough to pre-
vent the proximity effect, but thin enough to allow quasiparticles to easily tunnel across. The results of
the cooling experiment are shown in figure 1.15 b. The authors measured the electron temperature in the
normal metal from the self cooled IV curves of the refrigerator junctions, as shown by the blue circles, and
from independent thermometer junctions, as shown by the black triangles. The predictions of their thermal
model, represented by the blue line, agreed with their measurements. The authors observed a difference in
temperature between the electron temperature measured by the refrigerator and thermometer junctions and
were unable to theoretically explain this difference. They posited that it might be caused by an athermal
electron distribution in the normal metal. The results of this experiment are important because it combines
the large temperature reduction of small devices with the large cooling power of large devices and paved the
way for the work in this thesis.
(a)
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FIG. 7. (Color online) Temperature of the normal metal TN
determined from refrigerator junctions at optimal bias voltage shown
as blue circles vs bath temperature Tb. Temperature TN from the
independent thermometer junctions shown as inverted black triangles,
and the temperature at the refrigerator junction calculated from
thermometer junction temperature as red triangles (see Sec. VI).
Uncooled temperature TN at VF = 20 µV shown as green diamonds.
The solid blue line is the predicted temperature TN at optimal bias
and the solid gray line is TN = Tb, which represents zero heating
or cooling. The inset shows the difference between the model and
measured TN at optimal bias as blue circles, and a subset of the
difference between the temperature TN at VF = 20 µV and Tb as
green diamonds. Uncooled temperature points at bath temperature
below 250 mK are excluded because they are extremely sensitive
to the form of the two-particle tunneling current, which is not fully
understood. The theory and data for TN at optimal bias are in very
good agreement. These results are an improvement over previous
cooling with large-area NIS junction refrigerators (Ref. 14).
VI. INDEPENDENT THERMOMETERS AND ATHERMAL
ELECTRON DISTRIBUTIONS
Current-voltage curves from the independent thermometers
can be used to obtain temperature values using a pro-
cedure similar to that described in the previous section.
As shown in Fig. 7, the thermometer data suggest hotter
electron temperatures than those deduced from the refrig-
erators. The thermometer junctions were fabricated using a
double-oxidation technique and their resistance area prod-
uct was 145 000 ! µm2, over 100 times greater than the
refrigerators.7,15 This high resistance makes the thermometers
thermally neutral, meaning they neither heat nor cool the
normal metal. We next consider thermal mechanisms for a tem-
perature gradient between the thermometers and refrigerators.
We expect a small temperature difference between the
refrigerator and thermometer junctions due to the finite thermal
conductivity of the normal electrode and the presence of power
loads within it. We calculate the expected difference by solving
the heat equation in the N layer including electron-phonon




= #(T 6N − T 6b )− Pexcess/UN. (18)
We let x vary from 0 to 10 microns with x = 0 corresponding
to the edge of the refrigerator junction, x = 10 corresponding
to the end of the AlMn, and x = 4 to 9 corresponding to the
thermometer junction. We fix dT /dx at x = 0 at x = 10 and
vary the refrigerator temperature at x = 0 until the thermome-
ter temperature (evaluated at x = 8) matches the measured
temperature. The variable κN is the thermal conductivity of the
normal layer and is obtained from Eq. (A2). The stray power
Pexcess = 0.05 pW is obtained from thermometer junction
temperature measurements with the refrigerator junctions at
zero bias. Finally, UN is the N-layer volume. The observed
thermometer temperatures and the refrigerator temperatures
calculated from these thermometer temperatures are shown in
Fig. 7. The gradient varies from 0.02 mK to 7 mK for bath
temperatures between 100 mK and 500 mK. This gradient
accounts for over half of the observed difference at a bath
temperature of 500 mK but does not explain the observed
difference near 100 mK. We hypothesize that the remaining
differences in temperature result from an athermal electron
distribution created by the refrigerators that recovers to a
thermal distribution over the distance to the thermometers.
NIS refrigerators generate an athermal electron distribution
when the tunneling rate is faster than inelastic scattering in
the normal electrode. The tunneling time for electrons above
the gap edge is insensitive to temperature, and the rates for
inelastic electron-electron and electron-phonon scattering both
decrease with temperature. As a result, athermal effects in
NIS junctions appear near or below ∼100 mK.2 The athermal
electron distribution created by the refrigerators lacks the
high-energy excitations ordinarily found in the tips of a
Fermi distribution. However, its total excitation energy will
exceed that of the thermal distribution that results in the same
tunneling current.
Over the distance between the refrigerator and thermometer
junctions, the athermal distribution recovers to a thermal one
through inelastic scattering and the tips of the Fermi distribu-
tion are repopulated. Consequently, additional current flows
through the thermometers and a higher device temperature is
deduced even though the thermal electron distribution at the
thermometers and the athermal distribution at the refrigerators
contain the same excitation energy (neglecting the small
gradients calculated above). We observe that the temperature
deduced from the thermometers is largely independent of
their bias point, supporting the notion of a thermal electron
distribution at the thermometer junctions. Further, athermal
electron distributions in metals with similar diffusion constants
to our normal layer have been observed to thermalize over
distances as short as 2.5 µm.16
Our results illustrate the complexities of junction ther-
mometry. Experiments that use the same junctions as both
refrigerators and thermometers are susceptible to athermal
effects. Similarly, if independent thermometer junctions are
close enough to the refrigerators that they sample the same
athermal distribution, the inferred temperature reduction may
be exaggerated. We have provided temperature values deduced
from both refrigerator and distant thermometer junctions.
While the thermometers likely provide a truer measurement
of temperature, the results from the refrigerators still have
value as a measure of the distortion of the electron distribution
in our devices.
We note that our equilibrium thermal model predicts
temperatures close to the values deduced from the refrigerator
IVs, rather than the independent thermometers. This outcome
134504-7
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Figure 1.15: Device and results of the cooling experiment by O’Neil et al. [68] (a) SEM image of the device
used in the experiment. The normal metal is cooled by the two larger junctions, the large rectangles in
the center of the image, and the temperature is measured by the two thermometer junctions, the two small
squares below the refrigerator junctions. (b) Plot of the mini um normal metal electro temper ture versus
bath temperature. The temperature measured by t e refrigerator junctions is represented by circles, the
temperature measured by the uncooled thermometer junctions is represented by the green diamonds and
the temperature measured by the cooled thermometer is represented by the black triangles. The results
of their thermal model are represented by the blue line. In the inset, the blue circles show the difference
between the temperature measured by the refrigerator junctions and the theo y a d the gr en diamonds
show the difference in the temperature measured by the uncooled thermometer junctions and a resistance
thermometer versus bath temperature.
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The next attempt to make a device that could cool from a higher bath temperature was from Nevala
et al. in 2012 [63]. In their experiment, they replaced the superconducting aluminum layer with niobium
to be able to operate at higher temperatures. To form a high quality oxide layer, the authors deposited a
thin layer of aluminum on top of the niobium. They were able to use their devices as thermometers at bath
temperatures from 200 mK to 5 K, but only observed modest electron cooling.
Another variation of a large temperature reduction, large cooling power device was presented by
Nguyen et al. in 2012 [65]. The authors noted that the power load due to the hot lattice heating the
electrons in the normal metal through the electron-phonon coupling is a large power load that can be
reduced by suspending the normal-metal electrode. The authors made an aluminum / aluminum oxide /
copper trilayer, perforated the copper layer and etched away the aluminum under the copper to form a free
standing structure, as shown in figure 1.16 a. They then formed the refrigerator junctions and lateral traps in
an additional step. With these devices, they made high quality junctions and observed a refrigeration of the
electron system in the normal metal from 300 mK to 240 mK. These devices were later improved by adding
a quasiparticle trap similar to ones used by O’Neil et al. in 2013 [64]. The quasiparticle trap was made by
first depositing an aluminum manganese film and oxidizing it to form a tunnel barrier underneath the same
refrigerator junctions from their previous experiment. They fabricated devices with different quasiparticle
trap resistances and the largest temperature reduction they observed was from 300 mK to 130 mK, as shown
in figure 1.16 b.
1.3 Overview
As the history of the development of NIS refrigerators shows, useable devices have been created in
three steps. First, devices were designed that could cool the electrons in a system. Once a device with
a large enough temperature reduction had been created, they were incorporated with a membrane to cool
phonons. After the device demonstrated cooling phonons, it was then used to refrigerate other devices, such
as a superconducting detector. Improving the understanding of device physics and better device modeling
have also improved the capabilities of these refrigerators. In the past, NIS refrigerators have been used to
cool bulk objects, such as resistance thermometers and low temperature detectors, but have not been general
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Figure 1. (a) False-colored scanning electron side micrograph of a SINIS cooler
showing from top to bottom: 100 nm of Cu (cooled normal metal N), 200 nm
of Al (superconductor S) and 200 nm of AlMn (quasi-particle drain D) with
AlOx insulating layers in-between (not visible). The Cu layer is suspended on
top of the Al/AlMn layers. (b) Top view of the cooler with the measurement
setup. The array of holes connects the two NIS junctions, whose size is
70⇥ 4µm2. Cu appears as orange and the Al/AlMn bilayer as yellow. The
cooler junctions are highlighted by blue dashed lines and the thermometer
junctions are highlighted by red dashed lines. The circuit connected to the top
electrodes probes electron temperature of the normal island cooled by the two
current-biased large junctions. (c) Current–voltage characteristics at a 50 mK
temperature of samples A–F with different tunnel barrier thicknesses between
the quasi-particle drains and the superconducting leads, see table 1.
with a focus on the low-bias regime. The two innermost curves stand for samples E and D, which
have no drain barrier and a very thin drain barrier, respectively. Superconductivity in the Al
layers is then affected by a strong inverse proximity effect, which results in a depressed critical
temperature and a low superconducting gap 1 so that 21= 180 and 228µeV, respectively.
As samples A–C are fabricated using a higher oxidation pressure for the drain barrier, they
have a typical value for 21 of about 350µeV and a ratio of minimum conductance to normal-
state conductance of about 10 4, indicating that the inverse proximity effect is weak. These
samples show a sharp IV characteristic, with sample C (not shown) behaving almost identically
to sample B. The sole difference between samples A and B is the drain barrier. Having a thinner
barrier, sample B exhibits less current at a given sub-gap bias, i.e. less overheating from quasi-
particles in the superconductor. The drain barrier lets quasi-particles get efficiently trapped in
the drain, while it stops the inverse proximity effect.



































Figure 2. (a) Cooling power (solid lines) and input power (dashed lines) of
cooler B (blue) and F (red) as a function of the bath temperature. (b) Calculated
electron temperature (dashed lines) of the superconductor and measured normal
metal temperature (dots, connected by solid lines as a guide to the eye) at
the optimum point for samples A–F. The dashed gray line is a one to one
line, indicating the bath temperature. The arrow marks the bath temperature of
250 mK, where sample C cools down to below 100 K.
Figur 2(b) upper part (dashed lines) displays the electronic t mperature of the superconductor
TS derived when assuming again Tph = Tbath in the normal metal. Although the latter assumption
calls for a further discussion, the trend remains that the superconductor gets significantly
overheated.
4. Thermal model
In order to describe further the thermal transport in our devices, we consider a one-dimensional
multilayered thermal model. It is a set of coupled heat equations for different systems. The
model geometry shown in figur 3(a) includes a normal metal island (N), superconducting leads
(S), side traps (ST) and quasi-particle drains (D), similar to the geometry of the studied coolers
(figure 1(a)). Although a non-equilibrium description of a biased NIS junction is possible
[19, 20], we assume for simplicity that every part of the device can be described by a local
temperature. We also neglect the inverse proximity effect in the superconductor density of
electronic states, as can be justified by the sharpness of measured IV s.
In the following equations, we will make use of the quantities INIS, PNIS and P iep that are the
local current INIS, cooling power ˙QNIS and electron–phonon coupling power ˙Qep per unit area
in the xy plane, see figure 3(a). In addition, Ti is the temperature, di is the thickness and i is
the thermal conductivity in element i . Here, temperature gradients are in the x-direction, charge
and heat currents through the junctions ( INIS and PNIS) are in the z-direction, electron–phonon
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(b)
Figure 1.16: Device and results of the cooling experiment by Nguyen et al. [65] (a) An image of the device
used in the experiment. The suspended copper film is cooled by the outlined NIS junctions. (b) Plot of
the minimum temperature of the normal metal electrons versus bath temperature for devices with various
resistances of the quasiparticle trap barrier.
purpose refrigerators. In order to be considered a general purpose refrigerator, the device must be able to
cool arbitrary, user supplied objects. Therefore, the next logical step in the progression of NIS refrigeration
is to use the junctions to cool a true cold plate where a user can attach arbitrary objects, thus making a
true, general purpose refrigerator. In this work, we present measurements of the first general purpose NIS
refrigerator, which ca cool arbitrary, user-supplied payloads. In chapter 2, we discuss the physics of NIS
refrigeration and model NIS electron cooling. In chapter 3, we develop a model of cooling membranes using
NIS juncti ns. In chapter 4, we discuss how the evices are fabricated and our measurement apparatus. In
chapter 5, we present measurements of multiple Andreev reflections in our devices, which lead to improved
device modeling. In chapter 6 we develop and test the next generation of electron coolers designed to cool
electro s from 100 mK. In chapter 7, we develop a thermally isolated stage designed to be cooled by NIS
junctions. We then develop and test NIS refrigerators designed to cool this suspended stage. Finally, in
cha t r 8, we present m asurements of our general purpose NIS refrigerator.
Chapter 2
The Physics of NIS Tunnel Junctions
In this chapter, we will discuss the basic physics of tunnel junctions and derive the characteristics
that are relevant to NIS junctions, such as the IV characteristics and power loads. We will then develop
a model for NIS refrigeration. The derivations of this chapter drew from the derivations of Tinkham [91],
Solymar [87], Miller [56], O’Neil [67], and Ullom [93].
2.1 The Density of States and BCS Theory
2.1.1 Free Electron Model
To understand the physics of tunnel junctions, we first must look at the electron occupation in a
normal metal. According to the free electron model, the single-particle density of state as a function of









where V is the volume of the metal and m is the mass of the particle [41]. At zero temperature, the electrons
occupy all of the states up to a specific energy, called the Fermi energy. At non-zero temperatures, the
electron distribution is smeared by the Fermi function
f(E) =
1
1 + eE/(kbT )
, (2.2)
where T is the temperature.
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2.1.2 BCS Theory
Superconductivity was discovered by Onnes in 1911 as he was measuring the temperature dependence
of mercury in liquid helium and observed that the resistivity of the metal dropped to zero below a critical
temperature TC . Later experiments by Meissner and Ochsenfeld showed that a superconductor not only
prevents a magnetic field from entering the superconductor, a feature of perfect conductivity, it also expels
any magnetic field in the metal as it undergoes its superconducting transition, an effect currently known as
the Meissner effect [55]. The first microscopic theory of type I superconductivity was developed by Bardeen,
Cooper, and Schrieffer in 1957, and is known as BCS theory [10].
According BCS theory, when a superconductor cools below its critical temperature, the electric field
of an electron creates a positive image charge in the lattice of the metal, due to the electron-phonon coupling.
A second electron is attracted to this positive charge and becomes coupled to the first electron, forming a
Cooper pair. Therefore, in the ground state of a superconductor, the electrons exist only as Cooper pairs,
such that the reciprocal lattice states k and -k are either simultaneously occupied or unoccupied. The
binding energy of the two electrons in the Cooper pair is a property of the material and is denoted as ∆.
Excitations in the superconductor can be formed by giving a Cooper pair an energy of ∆, which breaks
the Cooper pair and forms two quasiparticles, which are a linear combination of an electron and a hole at
a given k vector. Since the quasiparticles can only exist at energies above ∆, the quasiparticle density of
states in a superconductor is the density of states in a normal metal with the addition of a gap ∆ as shown
in equation 2.3 [91].
NS(E) = NN (E)
∣∣∣∣Re( E√E2 −∆2
)∣∣∣∣ . (2.3)
A plot of the superconducting density of states normalized to the normal metal density of states is
shown in figure 2.1 a. As figure 2.1 a shows, there are no states below E/∆ and there are singularities at
the gap edge. It is also important to note that the total number of states is equal to the number of states in
the normal metal. The critical temperature of a superconductor is related to the gap at zero temperature



































Figure 2.1: (a) Normalized BCS quasiparticle density of states. (b) Temperature dependence of the super-
conducting gap ∆.
As figure 2.1 b shows, ∆ is relatively constant for temperatures below half of the critical temperature and
drops to zero at the critical temperature. Close to to the critical temperature, ∆ can be approximated as
∆(T ) ≈ 1.74(1− T/TC)1/2∆(0).
2.2 Tunneling Across a Barrier
To understand tunnel junctions, we first must look at the properties of electron tunneling. To illustrate
this, consider an electron in a potential U1 with kinetic energy E approaching a barrier, where U2 > E,
tunneling to a third region with a potential U3. The probability that the electron can tunnel through the









In one dimension, the solutions in the three regions are
ψ1 = A exp(ik1x) +B exp(−ik1x)
ψ2 = C exp(κx) +D exp(−κx)














where A,B,C,D, and E are constants that can be determined by requiring that ψ and ψ′ are continuous at
x = 0 and x = w. The current transmission is proportional to the ratio |E/A|2,
T ≈ exp(−2κw). (2.7)




The barrier in materials is often on the order of 1 eV, giving us a value for U2−E. Using this value along with
the electron mass and requiring a reasonable fraction of current due to tunneling, T = 10−1 to T = 10−10,
we find that barriers the order of 1 nm thick will allow us to observe tunneling phenomea.
2.3 Normal Metal / Insulator / Normal Metal Junctions
As the last section showed, in order to make devices in which one can observe tunneling, a barrier of
about 1 nm is required. Aluminum can be oxidized to form high quality barriers on the order of 1 nm [105],
which is ideal to make tunnel junctions. Therefore, many tunnel junctions are formed by depositing alu-
minum, then oxidizing it to form a barrier, and then depositing another metal on top to complete the
junctions. To understand the IV characteristics of a tunnel junction, we can first look at a simple model of
a normal metal/insulator/normal metal (NIN) junction.
As shown by equation 2.1, the density of states in a normal metal increases as the square root of
energy. However, if the temperature of the metal is much smaller than the Fermi temperature, this value is
effectively constant in the energy range where excitations exist. Since the Fermi energy of most metals is on
the order of 1 to 10 eV [41], the Fermi temperature of a normal metal is usually greater than 10,000 K, which
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is much greater than the melting point of most metals. Therefore, the density of states can be approximated
as a constant.
If the junction is in thermal equilibrium, the electron distribution in both metals can be described by
the Fermi function, as shown in figure 2.2 a. If a voltage bias, Vb, is applied to the junctions, it will shift
the energy of the electrons in the normal metal by a relative amount eVb. An electron can tunnel from one
metal to the other metal as long as there is an unoccupied state at the same energy level. Therefore, the
tunneling rate between the two metals can be determined by examining the states at a specific energy. We
can see that for a specific energy, the tunneling from metal 1 to 2 is given by

















Figure 2.2: Occupation diagram for an NIN junction. (a) An unbiased NIN junction. (b) A biased NIN
junction. The voltage bias gives the electrons in the first normal metal more energy relative to the electrons
in the second normal metal. The electrons can then tunnel from the occupied states on the left side into the
unoccupied states on the right side and current will flow across the junction.
Γ12(E) = P12(E)N1(0)f1(E − eVb)N2(0)[1− f2(E)], (2.9)
where P12(E) is a constant associated with the tunneling attempt rate and transmission probability of an
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electron tunneling across the barrier. Similarly, the tunneling rate from 2 to 1 is given by
Γ21(E) = P21(E)N1(0)[1− f1(E − eVb)]N2(0)f2(E). (2.10)
The current across the junction will be the difference between the two tunneling rates for all energies




e [Γ12(E)− Γ21(E)] dE. (2.11)
This can be simplified by assuming the probability and rate of tunneling from the left to the right and from
the right to the left are the same and independent of energy. Second, as stated earlier, the density of states





f1(E − eVb)− f2(E) dE, (2.12)
I12 ≈ P 2N1(0)N2(0)e2Vb. (2.13)





2.4 Normal Metal / Insulator / Superconductor Junctions
2.4.1 Modified BCS Theory
Now that we have derived the IV characteristics of an NIN junction, we can examine an NIS junction.
While BCS theory predicts that there are no states below the gap, experiments often observe states in this
forbidden region. As the IV characteristics of an NIS junction will show, this effect manifests itself as excess
current for voltage biases less than ∆/e. In previous work, this has been modeled as a resistance in parallel
with the junction [56]. The presence of additional sub-gap states can be added to the BCS density of states
by including the Dynes parameter [19], Γ, which is added to the BCS density of states as
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(E − iΓ)2 −∆2
)∣∣∣∣∣ . (2.15)
The modified BCS density of states is plotted for various values of the Dynes parameter in figure 2.3. As
figure 2.3 shows, the Dynes parameter adds states to the forbidden region in the BCS theory and reduces
the height and smears the singularities at the gap edge, but does not change the total number of states. As
Γ approaches zero, the BCS density of states is recovered.






































Figure 2.3: BCS density of states modified by the Dynes parameter versus energy plotted on a log and linear
scale. (a) The log scale plot shows the presence of sub gap states. (b) The linear plot shows that larger
values of Γ shorten and broaden the singularity at the gap edge.
Possible explanations of the physical cause of the Dynes parameter include environment assisted
tunneling, sub-gap states induced by magnetic impurities, and pinholes in the oxide barrier. In environment
assisted tunneling, extra current is observed from quasiparticles that are given extra energy from absorbing a
photon from the environment which allows them to tunnel across the barrier. Averin and Likharev developed
a comprehensive theory to explain this effect [8]. A simpler theory of the effects of environmentally assisted
tunneling on Γ was proposed by Pekola et al. in 2010 [71] with the model Γ/∆ = RkbTenv/(RQ∆), where
R and Tenv is the effective resistance and temperature of the environment, RQ ≡ h¯/e2 is the quantum
resistance, and e is the electron charge. They estimate that for their system R = 2 Ω and Tenv = 4.2 K
which yields Γ/∆ = 9×10−4. Unfortunately, the authors do not describe a method of determining R, but this
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model gives a reasonable explanation for Γ. Calculations by Zittartz et al. show that magnetic impurities
in a superconductor can lead to states in the sub gap region [107]. However, previous measurements of
devices similar to the ones used in this work found no evidence of these states but also could not dismiss
this effect [67]. Pinholes in the oxide layer would act as a resistor in parallel with the junction. Previous
work has shown that the parallel resistance model and modifying the BCS density of states predict similar
values for the NIS current and power loads for a given bias [56]. Therefore, since both models make similar
predictions, it is valid to use either model. For simplicity, we will use the modified BCS density of states in
this work.
2.4.2 Current Through an NIS Junction
To derive the IV characteristics of an NIS junction, we can look at the energy diagram shown in
figure 2.4. The electrons in the normal metal have an energy distribution described by the Fermi function
and the quasiparticles in the superconductor have an energy distribution described by the BCS density of
states. At low bias voltages, current cannot flow across the junction because there are no states in the
superconductor to which the normal metal electrons can tunnel. At voltage biases where an electron has
an energy larger than the superconducting gap ∆, the electron can tunnel into an available state in the
superconductor and current can flow across the junction.
To quantify the current across an NIS junction, we can use the same method we used to determine the
current though an NIN junction. The tunneling rates in an NIS junction will be the same as the tunneling
rates in the NIN junction, expect that N2(0) will be replaced by the modified BCS density of states from
equation 2.15, which has an extra term to account for the superconducting gap. Therefore, the current










(E − iΓ)2 −∆2
)∣∣∣∣∣ dE. (2.16)
This expression can be simplified by changing the bounds of integration to only positive energies as
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Figure 2.4: Occupation diagram for an NIS junction. (a) An unbiased NIS junction. No current can flow
across the junction for low voltage biases since there are no states in the superconductor to which the normal
metal electrons can tunnel. (b) A biased NIS junction. When a voltage bias gives an electron in the normal
metal an energy larger than the superconducting gap ∆, the electrons can tunnel into the available states in
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(−E − iΓ)2 −∆2
)∣∣∣∣∣ dE. (2.17)










(E − iΓ)2 −∆2
)∣∣∣∣∣ dE. (2.18)
This is an important result because it shows that the current through an NIS junction depends only
on the temperature of the electrons in the normal metal and not on the quasiparticle temperature of the
superconductor. The IV characteristics of an NIS junction are shown in figure 2.5. As figure 2.5 shows, at
zero temperature, for voltage biases less than ∆/e, no current flows through the junction. Current begins
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to flow at ∆/e, and at higher voltage biases, the junction behaves ohmically. At non-zero temperatures,
current can flow across the junction for voltage biases below ∆/e since some electrons have more energy than
the superconducting gap from the extra thermal energy due to the Fermi smearing and are able to tunnel
into the superconductor. At temperatures above TC , the junction becomes an NIN junction and behaves
ohmically. The IV characteristics of the junction are strongly dependent on temperature which means that
with an accurate measurement of the current, voltage, ∆, and Γ, an NIS junction can be used to measure
the electron temperature in a normal metal.
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Figure 2.5: Current-Voltage characteristics of an NIS junction on a linear and logarithmic scale. (a) At
zero temperature, no current flows through the junction for biases less than ∆/e. At biases higher than ∆/e,
current can flow through the junction. At non-zero temperatures, current can flow through the junction
since some electrons have an energy greater than ∆/e due to their thermal energy. At higher temperatures,
more electrons have enough energy to tunnel, and for a given bias, the current is larger. At temperatures
above TC , the junction becomes an NIN junction and behaves ohmically. (b) The IV characteristics plotted
on a log scale.
The previous discussion was for ideal junctions, however, real junctions often exhibit sub-gap conduc-
tance even at very low temperatures. The quality of the junction, Q, is defined as the ratio of the sub gap




Typically, devices in this work have a Q value between 1,000 and 50,000. Figure 2.6 shows how Q affects the
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IV characteristics of the junctions, where an NIS IV curve is plotted for various values of Q at TN/TC = 0.
The IV curves appear to be similar to an IV curve with an increased temperature on the linear scale, but
on the log scale, there is a clear difference.

































Figure 2.6: Current-Voltage Characteristics of an NIS junction for various Q values for an NIS junction at
a temperature TN = 0 on a (a) linear and (b) log scale.
2.4.3 NIS Cooling Power
As figure 2.4 shows, for voltage biases slightly below the superconducting gap ∆, only the electrons
with the most energy, the hottest electrons, are able to tunnel into the superconductor. A net amount of
energy is transferred from the normal metal into the superconductor, which cools down the electron system
in the normal metal. We can quantify this effect by examining the amount of energy each electron removes
from the normal metal as it tunnels. We derived the current through an NIS junction by multiplying the
tunneling rate by the charge each electron carries. Instead, if we multiply the tunneling rate by the energy










(E − iΓ)2 −∆2
)∣∣∣∣∣ dE. (2.20)
This power term is plotted in figure 2.7 for various electron temperatures. Unlike the current, the power
deposited into the normal metal depends on the temperature of the superconductor. As figure 2.7 shows, for
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voltage biases below about ∆/e, negative power is deposited into the normal metal, corresponding to power
being removed from the normal metal and the cooling of the electron system. This effect forms the basis of
NIS refrigeration.
















 TN = TS = 0.1 TC
TN = TS =  0.3 TC
TN = TS =  0.5 TC
TN = TS =  0.6 TC
Figure 2.7: Power deposited into the normal metal of an NIS junction for various bath temperatures. The
dashed black line represents no power deposited into the normal metal. For voltage biases less than ∆/e,
power is removed from the normal metal, cooling the electron system.
2.4.4 Power Deposited into the Superconductor
The power removed from the normal metal is deposited into the superconductor as quasiparticle
excitations. This value can be calculated in the same manner as the power deposited into the normal metal.










(E − iΓ)2 −∆2
)∣∣∣∣∣ dE. (2.21)
A plot of this power load is shown in figure 2.8 a. Alternativley, by conservation laws, the power deposited
into the superconductor must be the total IV power minus the cooling power PN ,
IV = PN + PS . (2.22)
Note that when power is removed from the normal metal, the power deposited into the superconductor is
larger than IV, as shown in figure 2.8 b.
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Figure 2.8: (a) Power deposited into the superconductor of an NIS junction for various bath temperatures.
(b) Power deposited into the normal metal, the superconductor, and IV power plotted versus voltage bias.
The dashed black line represents zero power.
2.5 Electron-Phonon Coupling
Phonons passing through a lattice affect the local lattice structre, which changes the local electron
valance band structure. The valance electrons in the material then respond to the change in the electron
valance band structure. This interaction provides a mechanism for the electron and phonons in a system
to interact and is know as electron-phonon coupling, which can be modeled using a scalar deformation
potential [41]. A refined theory of electron-phonon coupling was developed by Reizer [80] and later expanded
by Sergeev and Mitin [85]. An important result of this theory is that the electron-phonon coupling has the
form [20] [100] [101]
Pep = ΣΩ(T
n
e − Tnp ), (2.23)
where Σ is the electron-phonon coupling constant, Ω is the volume of the metal, Te is the electron tempera-
ture, Tp is the phonon temperature, and n ranges from 4 to 6. At temperatures below 1 K, the interaction
between the electrons and phonons becomes small enough that the two systems can become out of thermal
equilibrium with each other. This is important because an NIS junction only directly cools the electron
system of a normal metal. To observe any appreciable cooling, the cooling power of the NIS junction must
40
Table 2.1: Measured values for the electron-phonon coupling constant Σ and n.











be greater than the power load from the lattice heating the electrons. Recently, we measured the electron-
phonon coupling in AlMn as a function of temperature, and the measured values of Σ and n are shown in
table 2.1 [96].
2.6 NIS Refrigeration
We have determined that the electron temperature can become decoupled from the lattice temperature
at sub-Kelvin temperatures and therefore, the cooling power from an NIS junction can reduce the temperature
of the electron system in the normal metal below the temperature of the lattice. If an NIS refrigerator is
applying a cooling power to the electron system in the normal metal, the electrons will reach an equilibrium
temperature when all of the power loads acting on the electrons are equal. This is pictorially shown in
figure 2.9 and each term will be discussed below.
The first power load is due to the hot phonons in the lattice acting to heat the cold electrons through
the electron-phonon coupling as discussed in the previous section. Power is deposited into the superconductor
and some of this power can return to the normal metal through quasiparticles and phonons. This was modeled
by Fisher et al. [23] as a percentage of the power deposited into the superconductor, β, being deposited into
the normal metal as βPS . A model for calculating β has been developed by O’Neil et al. [68] which agreed
with experiments, but the model is outside the scope of this work. For devices presented in this work, β is
between 1 % and 2 %. When current runs through the normal metal, the electrons are heated through Joule
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heating, PJ = I
2Rpad, where Rpad is the resistance of the normal metal base electrode. Typical values for
Rpad are on the order of 0.1 to 1 Ω for devices used in this work.
In the previous discussion of the current through an NIS junction, we only considered single particle
tunneling events, which is a first order approximation of the current through a junction. However, current
can also be caused by higher order tunneling effects, such as Andreev reflections, which are discussed in
chapter 5. The power load due to these effects can be modeled by multiplying this extra current by the
voltage across the junction, represented by the I2V term [77]. Finally, the payload being refrigerated can
deposit power directly into the electron system, represented by the term Pload. When all of these power
loads are taken into effect, the power balance equation becomes
PN = ΣΩ(T
n
e − Tnp ) + βPS + I2Rpad + I2V + Pload, (2.24)

















Figure 2.9: Diagram of the separate temperature systems in an NIS junction. The superconductor is in
strong thermal contact with the substrate and the two systems are assumed to be at the same temperature.
The IV power is deposited into the superconductor and dissipates through the substrate. Heat is transfered
from the normal metal electrons, represented by the blue box, and deposited into the superconductor, shown
by the blue arrow. This cools the electron system below the bath temperature. However, other power loads
such as quasipatricle back flow, Joule heating, the electron-phonon coupling, represented by the red arrows,
act to heat the electron system. The temperature of the electron system can be determined by balancing all
of the power loads.
Now that we have derived an expression to calculate the cooling properties of an NIS refrigerator, we
can examine the expected cooling of a junction. Since the model does not have an analytical solution, we
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must solve the equation with specific input parameters and we will perform the calculations using values
similar to those used in this work. A common device used in this experiment consists of two 7 × 32 µm
refrigerator junctions that cool a piece of normal metal. The electron temperature is then measured using

















Figure 2.10: Diagram of an NIS refrigerator. (a) A photograph of a typical NIS cooling experiment. The
electrons in the normal metal, outlined with the dashed white line, are cooled by the two refrigerator junctions
and their temperature is measured using the two thermometer junctions. (b) A cross sectional view of a
device. The current flows across the device as depicted in the digram and in the process, heat is transferred
from the normal metal into the superconductor.
In order to calculate the refrigeration due to multiple devices, we can first note that all of the device
specific power loads in the β model scale linearly with the number of junctions. Therefore, to model a
system of multiple devices, we can model one device and simply multiply each power load by the number
of junctions to find the total power loads of the system. A sample result of the β model is shown in
figure 2.11 a where the calculated electron temperature in the normal metal is plotted versus the refrigerator
bias at various temperatures. The input parameters used in this calculation are shown in table 2.2. The
electron-phonon coupling was calculated using the temperature dependent values shown in table 2.1. The
starting temperature of each line can be determined from its temperature at zero refrigerator bias. This
figure shows that an NIS junction can cool electrons from 300 mK to about 100 mK and from 100 mK
to about 25 mK. It is also important to note the bias which produces the optimal cooling changes with
temperature. This occurs because at the lowest temperatures, there is almost no thermal smearing of the
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Fermi function. In order for the hottest electrons to have enough energy to tunnel, the junction must be
biased close to ∆/e. However, at higher temperatures, the Fermi function becomes more thermally smeared
and the hottest electrons require less energy to be able to tunnel across the junction. It is also important to
note from the figure that the optimal cooling bias at 100 mK occurs at close to 1 ∆/e and is close to 0.9 ∆/e
when cooling from 300 mK.
















































Figure 2.11: Results of the β model for a junction with device parameters shown in table 2.2. (a) The
electron temperature calculated from the β model versus junction bias for various bath temperatures. The
temperature at which each curve was generated can be determined from the temperature at zero voltage
bias. As the figure shows, a typical NIS junction can cool electrons from 300 mK to about 100 mK and from
100 mK to about 25 mK. For a general device of this style, the optimal cooling bias is close to 0.9 ∆/e when
cooling from 300 mK and close to 1 ∆/e when cooling from 100 mK. (b) The minimum electron temperature
of the same junctions versus β for various temperatures. The base temperature of each curve corresponds to
the same temperature as in figure 2.11 a. This plot shows that β has a large effect on the cooling properties
of the junction.
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Figure 2.11 b shows the effect β has on the base temperature of an NIS refrigerator. The figure shows
the minimum electron temperature reached by the NIS refrigerator plotted versus β for the same starting
temperatures as in figure 2.11 a. As the figure shows, β has a large effect on the cooling properties of the
junction and must be minimized for optimum performance.
2.7 Quasiparticle Traps
As the β model shows, for a specific geometry, NIS refrigeration can be improved by increasing the
cooling power and decreasing the electron-phonon coupling and β. The cooling power can be increased
by decreasing the resistance of the junction. However, this is limited by the ability to yield transparent
junctions, which places a lower limit on the barrier, typically at a resistance area product, defined as the
resistance of the junction, R , times its area, S (RSP ≡ R× S), of about 1000 Ωµm2. The electron-phonon
coupling can be reduced by decreasing the volume over which the interaction can take place. This can be
achieved by reducing the thickness of the normal metal, but must be balanced with not being too thin to
dramatically increase the resistance which can increase the Joule heating.
Figure 2.12: Diagram of the quasiparticle traps used in our NIS junctions. Quasiparticle excitations in the
superconductor can relax in a normal metal trap, which prevents it from re-entering the normal metal. The
lateral trap is made in the same layer as the refrigerator junction. However, as shown in the diagram, due to
fabrication constraints, it must be located far from the junction, which reduces the efficiency of the trap. To
create a more efficient trap, another trap is placed on top of the superconductor in an additional fabrication
step, called the overlayer trap. This allows quasiparticles to travel a much shorter distance before being
trapped. Also, since the layer is made in a different fabrication step than the refrigerator, the insulating
layer can be much thiner, which gives the quasiparticle a higher tunneling probability and increases the
efficiency of the trap.
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The physical origin of the value β comes from quasiparticles in the superconductor returning to
the normal metal. Therefore, this power load can be reduced by introducing a method of removing the
quasiparticles before they can tunnel back to the normal metal. This can be achieved by placing a normal
metal trap around the junction which allows a location for the quasiparticles excitations to relax. This allows
the energy to be deposited into the substrate rather than back into the normal metal [68] [94] [95]. It is
important to note that when making a quasiparticle trap, we must consider the superconducting proximity
effect. The proximity effect occurs at a normal metal\superconductor interface where the superconducting
wave function can extend into the normal metal [87]. Additionally, the normal metal can degrade the BCS
density of states of the superconductor by adding sub-gap states and smearing the peaks that occur at ∆.
Since NIS refrigeration requires a sharp edge in the BCS density of states at ∆ to establish the selective
tunneling process, if this edge is smeared by the proximity effect, the NIS junctions no longer can efficiently
cool the electron system. Fominov and Feigl’man developed an analytical model to calculate the density of
states on both sides of a normal metal\superconductor interface and show that the proximity effect can be
sufficiently suppressed by placing an insulating layer with an RSP on order of 10 Ωµm
2 in between the two
metals [24]. Therefore, it is imperative for an insulating layer to be placed in between the normal metal and
the superconducting layers in a quasiparticle trap to prevent the proximity effect from affecting the density
of states in the superconductor.
Figure 2.12 shows how quasiparticle traps can be used to reduce the quasiparticle backflow. The
first type of traps used, called lateral traps, are placed next to the NIS refrigerator junctions, however, due
to fabrication limitations, this trap has the same tunnel barrier as the refrigerator junctions and must be
several microns away. This is undesirable since to increase the chance of trapping a quasiparticle, the trap
should be as close to the junction and with as small of a barrier as possible. To improve the effectiveness
of the traps, an additional normal metal layer is placed on top of the superconductor, called the overlayer
trap, which provides two advantages. First, the distance the trap is from the junction is now only limited by
the superconductor thickness, which allows the trap to be located much closer to the refrigerator junction.
However, since this layer is made after the refrigerator junction, an oxide layer with an RSP between 10 to
100 Ωµm2 can be made. This produces a much smaller barrier for the quasiparticle to tunnel through which
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increases the trapping. The effects of the quasipaticle traps have been measured and modeled, and can be
used to reduce β [68].
Now that we have developed a theory of how NIS junctions can be used to cool electrons, we can
build on this to develop a theory of how they can be used to cool phonons.
Chapter 3
The Physics of Cooling Phonons
In the previous chapter, we discussed how NIS junctions can be used to refrigerate the electron system
in a normal metal. However, to be considered useful as a refrigerator, the phonons of the system must be
cooled as well. In this chapter, we will discuss how NIS junctions can cool phonons and develop a theory to
model such devices.











Figure 3.1: Diagram of an NIS phonon refrigerator. The normal metal of the NIS junction is extended onto
a thermally isolated membrane. The cold electrons in the normal metal cool the phonons in the membrane
though the electron-phonon coupling. In order to cool the phonons below the temperature of the substrate,
the electronic thermal conductivity must be larger than the thermal conductivity due to the electron-phonon
coupling, which must be larger than the phononic thermal conductivity of the hot phonons from the substrate
that heat the membrane.
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In order to cool the phonons of a system, we need to design an object where there exists a thermally
isolated phonon system that can be coupled to a colder electron system. One such system would be a thin
membrane suspended from a silicon substrate as shown in figure 3.1. In such a device, the electron system
in the normal metal is cooled by the NIS junction. The normal metal is then extended onto a thermally
isolated membrane, where the cold electrons in the normal metal cool the phonons in the membrane through
the electron-phonon coupling. Therefore, the NIS junction acts as a heat pump removing heat from the
membrane and depositing it into the substrate. However, in order for such a device to work, the strength of
the relevant thermal interactions in the normal metal must be calculated to determine if more heat can be
removed from the membrane by the NIS junction than can be transferred to the membrane by hot phonons
from the substrate. To compare these two effects, we must examine the relevant thermal conductances of
the normal metal: the electron-electron coupling, which determines how much heat can be removed from the
membrane due to the cooled electrons, the phonon-phonon coupling, which determines how much heat can
be transferred to the membrane across the normal metal due to the hot phonons, and the electron-phonon
coupling, which determines the power load between the two systems.
A straightforward way of comparing these power loads is by looking at the thermal conductances of all
three interactions. We have determined the strength of the electron-phonon coupling in section 2.5. Using










where κ is the thermal conductivity, A is the cross sectional area, and L is the length of the object. The










where CV is the heat capacity per unit volume, v is the particle velocity, which for phonons is the speed of
sound in the material, τ is the average time between collisions, and l is the mean free path. The refrigerator
will operate at temperatures below 1 K which is significantly less than the Debye and Fermi temperatures.
















where n is the atomic number density, TP is the phonon temperature, and Θ is the Debye temperature. The








where ne is the electron density, Te is the electron temperature, and TF is the Fermi temperature. The particle
velocity, v, of a phonon is the speed of sound in the material, which is determined from the transverse and










where vt is the transverse speed of sound and vl is the longitudinal speed of sound. The values of vt and vl











where BM is the bulk modulus, SM is the shear modulus, and ρmass is the mass density of the material.
The particle velocity for an electron is the Fermi velocity.
At low temperatures, boundary scattering limits the phonon mean free path and we will use the
approximation that the mean free path is equal to the sum of the film thicknesses. Finally, the electron
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where me is the electron mass, vf is the Fermi velocity, e is the electron charge, and ρ is the resistivity of
the metal. The relative strength of the three interactions can be calculated using the following parameters
for Al: n = 6 ×1028 m−3, ne = 18.06 × 1028 m−3, Θ = 428 K, v = 3.7 × 103 m/s, vF = 2 × 106 m/s, and
a resistivity of ρ = 0.066 × 10−6 Ω m [7] [41]. Finally, we will assume a length of 10 µm and a 420 nm
mean free path for the phonons based on a 50 nm thick base electrode and a 370 nm thick membrane. The
three thermal conductances are shown in figure 3.2. As the figure shows, for temperatures between 100 mK
and 500 mK, the thermal conductance due to the electron-electron interactions is greater than the thermal
conductance due to the electron-phonon interactions, which is greater than the thermal conductance due to
the phonon-phonon interactions. This means that the phonons in the membrane are more strongly coupled
to the cold electrons in the normal metal than the hot phonons in the substrate. Therefore, a piece of normal
metal extended onto a membrane will provide more electronic cooling power than parasitic power from the
hot phonons from the substrate and can be used to cool down the membrane. Below 50 mK, the phononic
thermal conductance becomes larger than the thermal conductance due to the electron-phonon coupling.
Therefore, in order to cool in this regime, the membrane can be supported by narrow legs and the normal
metal can be extended onto these legs to minimize the phononic thermal conductance. Once the cold fingers
have extended past the legs onto the membrane, the area and thickness of the cold fingers can be increased
in order to increase the volume over which the electron-phonon interactions can take place. Such a geometry
can cool below 50 mK since it produces a system where Gep > Gpp.
3.2 Thermal Model
Now that we have calculated that a piece of normal metal can provide a greater electronic thermal
conductivity than phononic thermal conductivity, we can develop a thermal model to calculate the thermal
properties of an NIS junction cooling a membrane. An overhead view of the device that we will thermally
model is shown in figure 3.3 and a cross-sectional view of the device is shown in figure 3.4. To understand
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Figure 3.2: Comparison of the electron-electron, electron-phonon, and phonon-phonon thermal conductance
in the normal metal. The figure shows that over the relevant temperature range, the electronic thermal
conductance is larger than the electron-phonon coupling, which is larger than the phononic thermal conduc-
tance for a typical piece of AlMn. Therefore, the thermal conductances in AlMn can allow an NIS junction
to cool a membrane.
the proposed device, we can quickly examine each part starting at the silicon substate and move towards
the center of the membrane. In our device, the membrane is connected to the bulk substrate through legs
to prevent hot phonons from the substrate entering the membrane. The NIS junctions are located on top
of the silicon substrate at the edge of the legs of the membrane. Due to fabrication limitations in removing
the silicon from the membrane, it is possible that the silicon will extend past the NIS junctions or the NIS
junctions will extend onto the membrane. Both cases must be included in the model. The normal metal of
the junctions is then extended onto the thin membrane legs as a cold finger to allow the cold electrons to
cool the membrane through electron-phonon coupling. The thin cold fingers extend onto the membrane for
several microns to reduce the total thickness of the membrane which provides a large thermal resistance to
substrate phonons entering the membrane. After this region of increased thermal resistance, a thick metal
thermalization layer is placed on the membrane to increase the electron conductivity in order to minimize













Figure 3.3: An overhead view of the device to be modeled. The membrane is connected to the silicon
substrate through thermally isolating legs. The NIS junctions are located at the edge of the membrane legs.
The normal-metal layer of the NIS junctions is extended onto the membrane as cold fingers. The cold fingers
are then covered in a thermalization metal to improve their thermal conductivity. A bond pad is located at
the center of the membrane to allow the device to be coupled to arbitrary objects.
the legs are expanded into the full membrane. A silicon block with a wirebond pad is suspended from the
membrane to allow us to couple the refrigerator to arbitrary objects as discussed in chapter 7. There is a
metallic break between the cold fingers and the wirebond pad in order to electrically isolate the junctions
from each other.
We can model this proposed device by treating it as three systems: one describing the electrons in
the thin films, one describing the phonons in the thin films, and one describing the phonons in the bulk
silicon. We will model each system as a composition of infinitesimal heat capacities, as shown in figure 3.5.






−∇ · [κ∇T ] = q˙ = P
V
, (3.10)
where Cp is the heat capacity of the element, ρ is the density of the element, κ is the thermal conductivity
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Figure 3.4: A cross sectional view of the device to be modeled. The numbered areas correspond to the
different regions of the device: (1) The bond pad where power is deposited into the system. (2) A break
in the metallic layers to electrically isolate the junctions from the bond pad. (3) The cold fingers overlap
the Si block to improve thermal conductivity. (4) The membrane. (5) The thermally isolating leg. (6)
The thermalization layer is removed from the leg to prevent hot phonons from the substrate entering the
membrane. This region is called the dead length. (7) Due to fabrication constraints, the Si substrate may
extend onto the membrane as shown in figure (a) or the NIS junction may extend onto the membrane, as
shown in figure (b). (8) The NIS junction.
element. We can simplify the model by setting ∂T/∂t = 0, since we are only interested in the steady state
solutions. We can further simply the model by making the following assumptions. First, since each layer is
thin, we will assume that there is no temperature gradient in the d direction. We will scale each layer by its
thickness in order to weight the different contributions of each layer to the overall thermal conductivity of the
system. This is a significant assumption since we are assuming that each layer is a parallel conduction path












Figure 3.5: Diagram of an infinitesimal element of our thermal model. In our thermal model, we model the
electron, thin film phonon, and the silicon phonon systems as being composed of a 1D system of infinitesimal
heat capacities. The heat flux through element is determined by its thermal conductivity. Heat is added or
removed from each element through heat source or heat sink terms. The flux in only equals the flux out if
there are no heat source or heat sink terms.
only increases the total cooling power of the device; it does not affect the base temperature of each NIS
junction. Therefore, in order to simplify the model, we will only model one junction on one leg of the device.
To determine the total cooling power of the device, we simply scale the input power by the total number of
junctions. Therefore, we will assume that there are no temperature gradients in the w direction and we will















where κ d ∂T/∂x is the heat flux through an element times its thickness and P/(dxw) is the power per unit
width in an element. Equation 3.11 shows that a flux gradient across an element is equal to the heat source
or heat sink terms. Since the thermal conductivity of each layer is constant, we can model the temperature










where P/A is the power per unit area of each heat source or heat sink acting on an element.
We can now determine the boundary conditions for the model. At the center of the membrane, the
power that is deposited onto the membrane is included in the equations as a heat source term, so we require
that the heat flux through the boundary of the elements in all three systems is zero. At the other end of
the 1D model, the NIS junctions remove power from the electron system and deposit it into the bulk silicon
substrate which is in strong thermal contact with the rest of the cryostat. We will include the heat sink
terms due to the NIS junctions inside of the thermal model. Therefore, for the elements at the end of the
NIS junctions, we require that the heat flux through the boundary is zero and that the temperature of the
silicon substrate is at the bath temperature.
To numerically solve our system of coupled differential equations, we will define the heat flux and
the heat source and heat sink terms to be a piecewise function in distance corresponding to the materials
in each region of the device. To model the device, we need to decide what materials we will use. In order
to simplify the fabrication of the device, we will build the device on a Si substrate and we will use SiNx, a
common micromaching system, to make the dielectric membrane. Our current NIS junctions have an AlMn
base electrode and we will use Cu as the thermalization and bond pad material because of its fabrication
compatibility with AlMn. We will cover the Cu with a layer of Au to facilitate wire bonding and to prevent
the Cu surface from corroding. In this model, we will assume that the Au layer is additional Cu to simplify
the calculations since they have similar electrical and acoustic properties. We will now examine each region
to determine which materials are present and then tabulate the results in table 3.1.
Region 1: Power is deposited into the wirebond pad over the Si block. This region has all four of the
materials. Heat will be transferred from the electrons to the phonons in the thin films through the electron-
phonon coupling and heat will be transferred from the thin film phonon system to the bulk phonon system
through a thermal resistance due to acoustic mismatch. The width of this section is larger than the width of
the NIS junctions. We will model this increased width by multiplying the thermal conductances and power
coupling constants by an amount equal to the increased width. This is a valid assumption because, for exam-
ple, a five times as wide piece of metal will have 5 times the area, which increases the thermal conductivity
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by a factor of five and increases the amount of heat that can be transferred through the electron-phonon
coupling and the acoustic mismatch by five.
Region 2: The metal layers are removed from the silicon block in order to electrically isolate the NIS
junctions from the wire bond pad. Therefore, only the SiNx membrane and Si block are present. The
phonons in the two systems can interact though a thermal resistance due to acoustic mismatch. The heat
flux and the heat source and heat sink terms are multiplied by the scaling factor to account for the increased
width.
Region 3: The metal cold fingers are connected to the block in order to efficiently transfer heat from
the wirebond pad to the NIS junctions. All four materials are present in this region and both the electron-
phonon and acoustic mismatch terms are present and multiplied by the correction factor.
Region 4: This region represents the bulk membrane, which is composed of the SiNx, Cu, and AlMn
layers. The electrons and phonons interact through the electron-phonon coupling. The width of this region
transitions from the bulk silicon block to the thermally isolating leg. We model this change in width by
multiplying the thermal conductivities and the power terms by a linear function that is the width of the
center of the membrane at one end and the width of the leg at the other.
Region 5: This region is the thermally isolating leg and has the same terms as region four, except there is
no width correction. Since all future regions are the width of the leg, no other width corrections are required.
Region 6: The thermalization layer is removed to prevent hot phonons from the substrate from enter-
ing the membrane. We call this region the dead length, and only the membrane and AlMn layers are
present. The electrons and the phonons can interact through the electron-phonon coupling.
Region 7: Due to limitations in device fabrication, it is unlikely that the NIS refrigerator will be lo-
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Table 3.1: Thermal conductivities and power loads in each region of the thermal model. An X represents
that the specified thermal conductivity or power load is present in that region. The column 7 (Si) represents
the case when the Si extends past the NIS junction onto the membrane and the column 7 (NIS) represents
the case of when the NIS junction extends onto the membrane. The phonon thermal conductivities of the
layer are represented by κp and the electrical thermal conductivities are represented as κe. The power due
to acoustic mismatch is PAMM , the electron-phonon coupling is Pep, the input power in Pin, and the NIS
power terms are PNIS .
1 2 3 4 5 6 7 (Si) 7 (NIS) 8
κp,Si X X X X X
κp,SiNx X X X X X X X X X
κp,Cu X X X X
κp,AlMn X X X X X X X X
κe,Cu X X X X
κe,AlMn X X X X X X X X
PAMM X X X X X
Pep,Cu X X X X
Pep,AlMn X X X X X X X X
Pin X
PNIS X X
cated exactly at the edge of the membrane. We will model this by either having the silicon extend past the
NIS junction or by the NIS junction extending onto the membrane. If the Si extends past the NIS junctions,
this region will be the same as region six with additional terms for the heat flux due to the Si and the
acoustic mismatch between the thin films and the bulk Si. If the NIS junction extends onto the leg, this
region will have the same terms as region six, but will have additional power terms due to the NIS junction.
Region 8: The NIS refrigerator is located on the bulk silicon substrate. This region has the AlMn, SiNx,
and Si layers with all of the heat source and heat sink terms including the power terms due to the NIS junction.
We can determine the total thermal conductivity and heat source and heat sink terms of the electron,
thin film phonon, and Si phonon systems by adding all of the relevant individual components together. We
can now calculate the material specific parameters required for our model.
3.2.1 Heat Flux Terms
The phononic thermal conductivity can be calculated using
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Table 3.2: Material parameters used to calculate κp. All values for the bulk modulus, mass density, and the
Debye temperature are from Ashcroft and Mermin [7] unless otherwise noted. The sound speeds, number
density, and κp/(lT
3) were calculated using these values.
Al Cu Si Comments
BM [GPa] 76 134 99 [41] bulk modulus
SM [GPa] 25.5 [41] 48 [45] 80 [104] shear modulus
ρmass [kg/m
3] 2700 8960 2329 mass density
vl [m/s] 6363 4701 9397 longitudinal sound speed
vt [m/s] 3043 2315 5861 transverse sound speed
vs [m/s] 3684 2786 6701 sound speed
n [#/m3] 6.0 ×1028 8.4 ×1028 5.0 ×1028 number density of atoms (ρmass/molar mass)
θ [K] 394 315 625 Debye temperature
Kp [W/(m





where CV is the heat capacity, v is the sound speed of the material, and ` is the mean free path. The mean
free path of the material is limited by the thickness of the films so the mean free path in each region is equal
to the total thickness of all of the thin films in that region. According to the Debye approximation, each






In our model, we scale the thermal conductivities by the thickness of the material, d, so the form of the
phononic thermal conductivity that is used in our model is
κp d = Kp ` d T
3
p , (3.15)
where ` is the total thickness of all of the thin film layers in the region. The values of Kp for our materials
are shown in table 3.2 and were calculated using the material properties in the table and the equations in
section 3.1. We have directly measured the phononic thermal conductivity of the SiNx membrane to be
1 × 10−2 T 2.2 W/(m K) and will use this value scaled by the thickness of the membrane in our model.
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The electrical thermal conductivity of the metal layers can be calculated from measurements of their
electronic resistivity using the Wiedemann-Franz law. Multiplying the electronic thermal conductivity by





where L is the Lorenz number (L = 2.44 ×10−8 WΩ/K−2), ρ is the electrical resistivity, d is the metal
thickness, and Te is the electron temperature. We have measured ρAlMn = 6.6 × 10−8 Ω m. For typical
devices, the resistivity of Cu is ρCu = 0.255 × 10−8 Ω m.
3.2.2 Heat Source and Heat Sink Terms
We can now determine the form of the heat source and heat sink terms that we must include in our
model. The first term that we will examine is acoustic mismatch. Heat can be transferred between two
different materials through phonons. However, phonons can reflect and refract at the interface due to the
difference in material density and speed of sound [40] [47]. This effect, called Kapitza acoustic mismatch,
leads to a heat flow [88]
PAMM
A
= ξ (T 41 − T 42 ), (3.17)
where T1 and T2 are the phonon temperatures of the two systems, A is the area, and ξ is a material dependent
parameter. In previous models of our devices, we have used ξ = 360 W/m2 [56] [68]. We scale this heat flow
term by area since this is the form that is inserted into the model.
We have discussed the heat flow due to the electron-phonon coupling in the previous chapter. There-
fore, we know that the heat flow due to the electron-phonon coupling is,
Pep
A
= Σ d (Tne − Tnp ), (3.18)
where Σ is the electron-phonon coupling constant, d is the thickness of the metal layer, Te is the electron
temperature, Tp is the phonon temperature, and n is determined from experiment. We have measured the
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values of Σ and n for our AlMn films and we use the temperature dependent values from section 2.5. We
will assume that the values of Σ and n for Cu are similar to Ag, and we use ΣCu = 2.1 × 109 W/(m3 K5)
and n = 5 [93].
In this model, the input power Pin is included as a heat source term in the wirebond pad instead
of including it as a boundary condition. As discussed earlier, we are only modeling one junction, so the
input power must be divided by the total number of junctions to determine the cooling power of the entire
membrane. We must then scale this power by the area in order to input it into our model.
The final power loads included in the model are the terms for the NIS junctions. In this model, we
use the power terms from the β model described in chapter 2. In order to scale the terms into a power per
area, we can divide the NIS power terms by the resistance area product, RSP , instead of the resistance of
the junction. Due to fabrication constraints, the junctions do not cover the entire base electrode. Therefore,
each term is additionally scaled by the percent of the base electrode that the junction covers to account for
this coverage. The Joule heating term due the resistance of the base electrode, Rpad, is scaled by the ratio of
the length of the pad to the total the width of the base electrode. The rejected power from the NIS junctions
is deposited into the low temperature bath Tb. One final consideration must be made for the case when the
NIS junction extends onto the membrane. In this situation, a portion of the power that would be deposited
into the substrate is instead deposited into the normal metal phonon system. Based on calculations from
previous models, we estimate that between 10 % - 15 % of PS is deposited into the normal-metal phonon
system [67] [69]. Therefore, to make a conservative estimate of the cooling properties of the junction, we
include an additional power load into the phonon system of the normal metal of 0.15PS in the region where
the NIS junction extends onto the membrane.
3.3 Model Results
Now that we have developed a model for the phonon refrigerators, we can start to make calculations to
determine the optimal devices for reaching the lowest base temperature and providing the most cooling power.
In our calculations, we will use the parameters from our most recent 300 mK electron NIS refrigerators. In
order to be able to wirebond to the center of the membrane, the pad length must be at least 125 µm. Due
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to fabrication constraints, the electrical break on the Si block must be at least 2 µm, and the membrane
must be at least 200 µm. These values do not significantly affect the results of the model and we will set
these values to be the minimum allowed length in order to create a compact device. We will vary the other
device parameters to determine the designs for two devices designed to cool from 300 mK, one to reach the
lowest temperature and one to provide the lowest base temperature while under a power load of 25 pW. We
will examine the results for the zero power case first.
3.3.1 Lowest Base Temperature
Using our model, we determined that a device with the parameters shown in table 3.3 can cool the
phonons in the Si block from 300 mK to 107 mK. The temperatures of the electron system, the thin film
phonon system, and the silicon phonon system versus the distance from the center of the membrane are
shown in figure 3.6. At the center of the membrane, the electrons, the thin film phonons, and the phonons in
the Si block are at the same constant temperature. This is an important result because payloads are placed
at the center of the device and a constant temperature in this region is desirable. The thickness of the metal
layers on the membrane are on the order of several nanometers in order to provide thermal isolation from
the hot substrate. This reduces the electron-phonon coupling on the membrane and as a result, the phonons
come into thermal equilibrium with the electrons after about 200 µm. This distance could be reduced by
increasing the thickness of the metal layers, but would increase the base temperature of the device. As the
figure shows, when zero power is deposited at the center of the membrane, the largest temperature gradients
are caused by the reduced thermal conductivity of the dead length and by the electron-phonon coupling in
the base electrode of the NIS junction.
Using our model, we can examine how the different device parameters affect the base temperature of
the device. In order to illustrate this, we calculated the base temperature of the device with the parameters
shown in table 3.3 while varying each device parameter. Figure 3.7 shows the results of varying the length of
the cold finger overlap on the Si block, figure 3.8 shows the results of varying the leg length of the membrane,
figure 3.9 shows the results of varying the dead length, figure 3.10 shows the results of the Si or NIS junction
extending onto the membrane, figure 3.11 shows the results of varying the membrane thickness, figure 3.12
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Table 3.3: Optimal parameters for a 300 mK phonon cooler with no power load.
Parameter Value Comments
Variable parameters
LSi 5 µm length of the cold finger on the Si block
LLeg 50 µm leg length
LDL 1 µm length of the dead length
extension 0 µm extension of the NIS junction or Si block on the membrane
dmembrane 250 nm membrane thickness
dN 15 nm normal metal thickness




Lpad 125 µm wire bond pad length
Lbreak 2 µm length of the electrical break
Lmembrane 200 µm membrane length
LNIS 32 µm NIS junction length
WNIS 7 µm NIS junction width
Q 5000 junction Q
dS 500 nm junction superconductor thickness
∆ 185 µeV superconducting gap of the junction
β 0.014 β model parameter
shows the results of varying the NIS junction normal metal thickness, figure 3.13 shows the results of varying
the thickness of the Cu thermalization layer, and finally, figure 3.14 shows the results of varying the RSP of
the junction.
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Figure 3.6: Temperature versus distance from the center of a membrane cooled by NIS junctions with device
parameters shown in table 3.3 at a bath temperature of 300 mK. The electron temperature is shown as the
blue line, the thin film phonon temperature is shown as the red line, and the bulk Si phonon temperature is
shown as the green line. The edge of the membrane is shown as the dashed black line. The NIS junctions
are able to cool the phonons at the center of the membrane from 300 mK to 107 mK. The temperature is
constant across the Si block, providing an ideal location for the payload.



















Figure 3.7: Temperature at the center of the membrane versus the length of the cold finger overlap with the
Si block. When zero power is deposited onto the membrane, this length has almost no effect on the base
temperature of the membrane.
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Figure 3.8: Temperature at the center of the membrane versus the membrane leg length. According to the
model, when zero power is deposited at the center of the membrane, this parameter has a small effect on
the base temperature of the membrane.

















Figure 3.9: Temperature at the center of the membrane versus the dead length. The model predicts that
when zero power is deposited onto the membrane, the dead length should be as short as possible. However,
due to fabrication constraint, this length must be at least 1 µm and this value was used in our calculations.
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Figure 3.10: Temperature at the center of the membrane versus the Si or NIS junction extending onto the
membrane. A negative value represents that the NIS junction extends onto the membrane and a positive
value represents that the Si substrate extends past the NIS junction onto the membrane. Our calculations
show that the lowest base temperature is achieved when the NIS junction is located at the end of the
membrane. However, it also shows that lower temperatures are reached if the junction extends onto the
membrane instead of the Si. Therefore, when fabricating these devices, it is better to over etch the Si
causing the NIS junctions to extend onto the membrane rather than under etching the devices, which causes
the Si to extend past the NIS junctions.




















Figure 3.11: Temperature at the center of the membrane versus membrane thickness. The membrane is used
to create a phonon system that is thermally isolated from the Si substrate. Therefore, a thinner membrane
should allow lower base temperatures, as our model predicts. However, due to fabrication limitations, we
cannot currently produce membranes thinner than 250 nm. This calculation shows that we could improve
the performance of the device by about 10 mK if we could produce a 150 nm thick membrane.
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Figure 3.12: Temperature at the center of the membrane versus NIS junction normal metal thickness. The
β model states that the largest power load heating the electrons in an NIS junction at 300 mK comes from
the electron-phonon coupling. A thin base electrode reduces the volume over which this interaction can take
place and reduces this power load. The results of this calculation show that a lower base temperature can
be achieved if the junctions have a 10 nm thick base electrode. However, to due to fabrication constraints,
we must make the base electrode at least 15 nm thick, which is the value used in our calculations.


















Figure 3.13: Temperature at the center of the membrane versus the Cu thermalization layer thickness.
When zero power is deposited onto the membrane, our model predicts that the lowest base temperature
can be reached with a thin Cu thermalization layer. This makes sense because adding more Cu increases
the phononic thermal conductivity and allows hot phonons from the substrate to reach the center of the
membrane.
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Figure 3.14: Temperature at the center of the membrane versus NIS junction RSP . The cooling power of
an NIS junction is inversely proportional its resistance. Therefore, devices with a lower RSP will cool the
membrane to lower base temperatures. However, we have only been able to produce high quality junctions
with an RSP of about 1000 Ωµm
2. Our model shows that we could increase the temperature reduction of
our device if we were able to produce junctions with a lower RSP .
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Now that we have seen how the parameters affect the base temperature of the membrane, we can try
to develop an intuition of how the device works. From the β model, we know that the largest power load
on the electron system in the NIS junctions comes from the electron-phonon coupling which depends on the
volume of the normal metal. This power load can be reduced by decreasing the thickness of the normal metal
base electrode which improves the performance of the junctions. To produce the lowest base temperature,
the device must have a low phononic thermal conductivity while having a thick enough Cu thermalization
layer to allow the cold electrons to reach the center of the membrane. Since the base electrode is thin to
reduce the power load due to the electron-phonon coupling, our model predicts that we require a thin layer of
Cu to increase the electronic thermal conductivity. Since the metal layers are thin, the increase in electronic
thermal conductivity is more important that the decrease in phononic thermal isolation so the dead length
is not required. Now that we have an intuition of the device with no power load, we can examine how the
device behaves under the presence of a power load deposited at the center of the membrane.
3.3.2 Cooling with a 25 pW Load
While the base temperature of a refrigerator is important, in order to be considered useful, the
refrigerator must also be able to cool a payload. Using our model, we determined when 25 pW of power is
deposited in the bond pad at the center of the membrane, a device with the parameters shown in table 3.4
can cool the phonons in the Si block from 300 mK to 130 mK. The temperatures of the electron system, the
thin film phonon system, and the silicon system versus the distance from the center of the membrane are
shown in figure 3.15. The electron-phonon coupling and the thermal conductivity of the Si block are large
enough that the temperature of the electrons, the thin film phonons, and the phonons in the Si block are
constant at the center of the membrane. As in the zero power case, the largest temperature gradients occur
in the dead length and in the base electrode of the NIS junction. However, since there is a finite power
load across the membrane, there is now a temperature gradient between the phonons in the silicon block
and the phonons in the membrane as shown in figure 3.16. This temperature gradient is due to the input
power being deposited into the silicon block and leaving through the electrons in the membrane. When heat
is transferred from the Si phonons to the Cu electrons, a temperature gradient is caused by the electron-
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Table 3.4: Optimal parameters for a 300 mK phonon cooler with a 25 pW power load.
Parameter Value Comments
Variable parameters
LSi 20 µm length of the cold finger on the Si block
LLeg 50 µm leg length
LDL 15 µm length of the dead length
Lext 0 µm extension of the NIS junction or Si block on the membrane
dmembrane 250 nm membrane thickness
dN 20 nm normal metal thickness




Lpad 125 µm wire bond pad length
Lbreak 2 µm length of the electrical break
Lmembrane 200 µm membrane length
LNIS 32 µm NIS junction length
WNIS 7 µm NIS junction width
Q 5000 junction Q
dS 500 nm junction superconductor thickness
∆ 185 µeV superconducting gap of the junction
β 0.014 β model parameter
phonon coupling. Therefore, to minimize this effect, we require a thicker Cu thermalization layer and the
device optimization is changed from the zero power limit. We can now vary the parameters to determine
how they affect the model. Figure 3.17 shows the results of varying the length of the cold finger overlap on
the Si block, figure 3.18 shows the results of varying the leg length of the membrane, figure 3.19 shows the
results of varying the dead length, figure 3.20 shows the results of the Si or NIS junction extending onto the
membrane, figure 3.21 shows the results of varying the membrane thickness, figure 3.22 shows the results of
varying the NIS junction normal metal thickness, figure 3.23 shows the results of varying the thickness of
the Cu thermalization layer, and finally, figure 3.24 shows the results of varying the RSP of the junction.
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Figure 3.15: Temperature versus distance from the center of a membrane with 25 pW of power deposited
at its center cooled by NIS junctions with device parameters shown in table 3.4 at a bath temperature of
300 mK. The electron temperature is shown as the blue line, the thin film phonon temperature is shown as
the red line, and the bulk Si phonon temperature is shown as the green line. The edge of the membrane
is shown as the dashed black line. The NIS junctions are able to cool the phonons at the center of the
membrane from 300 mK to 130 mK.
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Figure 3.16: Temperature versus distance at the edge of the silicon block with 25 pW of power deposited at
its center cooled by NIS junctions at 300 mK. The electron temperature is shown as the blue line, the thin
film phonon temperature is shown as the red line, and the bulk Si phonon temperature is shown as the green
line. The edge of the Si block is shown as the dashed black line. This figure shows that power deposited at
the center of the membrane causes an additional temperature gradient at the edge of the Si block.




















Figure 3.17: Temperature at the center of the membrane with 25 pW of power versus the length of the
cold finger overlap with the Si block. Increasing the length of the Si block increases the area to remove
power from the Si block through the electron-phonon coupling. While increasing the overlap area improves
performance, it causes the membrane to become large. Therefore, we chose to model a 20 µm overlap since
most of the benefit of the overlap has been gained at this point.
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Figure 3.18: Temperature at the center of the membrane with 25 pW of power versus the leg length. As in
the zero power case, this parameter has little effect on the base temperature at the center of the membrane.



















Figure 3.19: Temperature at the center of the membrane with 25 pW of power versus the dead length.
When power is deposited onto the membrane, a thicker Cu thermalization layer is required to remove the
heat from the center of the membrane. This thicker layer has an increased phononic thermal conductivity
and therefore, as the figure shows, a larger thermal resistance at the dead length is required.
73





















Figure 3.20: Temperature at the center of the membrane with 25 pW of power versus the Si or NIS junction
extending onto the membrane. A negative value represents that the NIS junction extends onto the membrane
and a positive value represents that the Si substrate extends past the NIS junction onto the membrane.
Similar to the zero power case, our calculations show that the lowest base temperature is achieved when the
NIS junction is located at the end of the membrane. Addtionally, lower temperatures are reached if the Si
is over etched, causing the NIS junctions to extend onto the membrane, rather than under etching the Si,
which causes the Si to extend past the NIS junctions.




















Figure 3.21: Temperature at the center of the membrane with 25 pW of power versus membrane thickness.
Just as in the zero power case, our model predicts that a thinner membrane will lead to a lower temperature.
However, due to fabrication limitations, we are limited to a 250 nm thick membrane.
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Figure 3.22: Temperature at the center of the membrane with 25 pW of power versus NIS junction normal
metal thickness. A thicker base electrode than the zero power case is required to increase the thermal
conductivity of this layer.




















Figure 3.23: Temperature at the center of the membrane with 25 pW of power versus the Cu thermalization
layer thickness. When power is deposited at the center of the membrane, the thickness of the Cu layer
must be increased to provide a larger electron-phonon coupling at edge of the Si block and to increase the
amount of power the electronic system of the membrane can transport by increasing the electronic thermal
conductivity of the membrane. Since the membrane is thermally isolated from the substrate by a longer
dead length, the phononic thermal contribution of this layer does not play as large of an effect as in the zero
power case. Therefore, our model predicts that as long as this layer is on the order of 100 nm, small changes
in the thickness do not affect the device performance.
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Figure 3.24: Temperature at the center of the membrane with 25 pW of power versus NIS junction RSP .
While we are limited to about 1000 Ωµm2 for fabrication reasons, we could improve the performance of the
device if we could reduce its RSP .
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By varying the parameters, we can see that this device behaves similarly to the device in the zero
power case with an additional temperature gradient. Since power is deposited into the phonon system of the
Si block and it must leave through the electron system of the membrane, the electron-phonon coupling in
this region must be increased. This can be accomplished by increasing the thickness of the Cu thermalization
layer. The thermalization layer also decreases the temperature gradient across the membrane since the power
deposited at the center of the membrane requires a larger electronic thermal conductance than in the zero
power case. Since the Cu thermalization layer is much thicker than the zero power case, a longer dead length
is required to thermally isolate the membrane from the hot phonons in the substrate.
3.4 Cooling from Other Temperatures
Now that we have used our model to examine the cooling properties of our devices at 300 mK, we
can use the model to examine how our devices will perform at other bath temperatures. Table 3.5 shows
the parameters for devices designed to cool from 100 mK and 500 mK, along with the parameters for the
devices designed to cool from 300 mK as a comparison.
When cooling from 100 mK, the power load on the electron system from the hot phonons in the
substrate is reduced to the point that it is no longer the dominant power load. The Joule heating caused by
the finite resistance of the base electrode becomes the dominant power load and the device design changes
to minimize this power term. Additionally, at lower temperatures, more electrons occupy states closer to
the Fermi energy since they have less thermal energy. Therefore, the junction produces the most cooling
power when it is biased much closer to the superconducting gap ∆ than in the 300 mK cooler case. The
presence of sub gap states will affect the performance of the junction more than at 300 mK, which means
a 100 mK refrigerator requires a higher quality junction. Both problems can be solved by increasing the
specific resistance of the junction since this will reduce the amount of current through the base electrode
and increase the quality of the junction. Therefore, when cooling from lower temperatures, we will increase
RSP to 1500 Ωµm
2 in order to increase Q to at least 10,000. Since the Joule heating is decreased by
reducing the resistance of the base electrode, our model predicts that we can reach lower base temperatures
by increasing the thickness of the base electrode. When the thickness of the base electrode is increased,
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this also increases the thickness of the metal layer in the dead length, which increases the phononic thermal
conductivity through the membrane leg. Therefore, our model predicts that an optimization between a
thicker base electrode, a thicker Cu thermalization layer, a longer dead length, and a longer leg than in the
300 mK case is required. Our model predicts that a device with parameters shown in table 3.5 can cool the
phonons at the center of the membrane from 100 mK to 22 mK.
When cooling from 500 mK, the electron-phonon coupling is even more dominant than at 300 mK.
Therefore, the model predicts that a device with a thin base electrode will provide the best performance.
Since we are limited to how thin a base electrode we can make, the model predicts that we should make a
device that is very similar to the device for cooling from 300 mK. One difference between the two devices is
that at 500 mK, due to the electrons occupying states further from the Fermi energy than at 300 mK due to
their increased thermal energy, the refrigerator produces the most cooling power when it is biased at a point
further from the superconducting gap ∆. This means that the presence of sub gap states does not affect
the cooling properties of the junction as much as at 300 mK and we can sacrifice junction quality to gain
cooling power from a less resistive junction. Therefore, to increase the cooling power of the NIS junctions,
we assumed that we could create NIS junctions with a RSP of 500 Ωµm
2 and a Q of 500. Our model predicts
that a device with parameters shown in table 3.5 can cool the phonons at the center of the membrane from
500 mK to 363 mK.
3.5 NIS Junctions with a Copper Base Electrode
In previous work, NIS junction refrigerators have been made with Cu base electrodes. Copper has
a greater electrical conductivity than AlMn, and as a result, the strength of the electron-phonon coupling
is also larger. We can use our model to predict the cooling properties of an NIS refrigerator with a Cu
base electrode and compare these devices to the devices with an AlMn base electrode. Table 3.6 shows the
parameters for devices designed to cool from 100 mK, 300 mK, and 500 mK with no power load at the
center of the membrane and the parameters for a device designed to cool from 300 mK with 25 pW of power












































































































































































































































































































































































































































































































































































































































































































































When cooling from 100 mK, the power load on the electron system from the substrate phonons is
reduced enough that Joule heating in the base electrode becomes a dominant term. When the base electrode
is made with Cu, the increased electrical conductivity of Cu allows the base electrode to be thinner than
when the device is made with AlMn. The thinner base electrode changes the optimization of the membrane,
and the model predicts that a device with a Cu base electrode will require a shorter leg length and dead
length than the AlMn device. Our model predicts that a device with a Cu base electrode can cool the
phonons at the center of the membrane from 100 mK to 22 mK, which is the same temperature reduction
as the AlMn device.
When cooling from 300 mK and 500 mK, the dominant power load on the electrons in the base
electrode is from the electron-phonon coupling. When the device is made with an AlMn base electrode, our
model predicts that a device with the thinnest base electrode that we can fabricate, 15 nm, will produce the
best cooling. When the base electrode is made of Cu, the model predicts that the thinnest base electrode
that we can fabricate also produces the best cooling. Due to the increased electrical conductivity of the
Cu, less Joule power is deposited into the base electrode, allowing the refrigerators to reach slightly lower
temperatures. Additionally, due to the increased electrical conductivity of the base electrode, the membrane
no longer requires an additional Cu thermalization layer. When the base electrode of the NIS junctions is
made with Cu, our model predicts that devices with the properties shown in table 3.6 can cool the phonons
at the center of the membrane from 300 mK to 103 mK and from 500 mK to 348 mK.
When 25 pW of power is deposited at the center of the membrane at 300 mK, our model predicts
that a device with a Cu base electrode requires a much thicker Cu thermalization layer and a larger overlap
of the cold finger with the Si block than a device with an AlMn base electrode. The increased phononic
thermal conductivity of the thermalization layer requires the device to have a longer dead length than the
device with an AlMn base electrode. Our model predicts that the larger electronic thermal conductivity
of the Cu base electrode causes a smaller temperature gradient across the dead length than in the device
with an AlMn base electrode. This increased electrical conductivity reduces one of the largest temperature
gradients in the device and therefore, our model predicts that a device with a Cu base electrode can cool
the phonons at the center of the membrane from 300 mK to 107 mK when 25 pW of power is deposited at
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the center of the membrane.
3.6 NIS Junctions with a Composite Base Electrode
Our model predicts that we can improve the performance of our NIS refrigerators if we increase the
electrical conductivity of the base electrode. However, increasing the electrical conductivity of the base
electrode will also increase the strength of its electron-phonon coupling. Ideally, the base electrode of the
refrigerator would be made of a metal that had the electrical conductivity of Cu and the electron-phonon
coupling strength of AlMn. While there is no known normal metal that has these properties, it may be
possible to make a composite base electrode of a bilayer of two metals that possess these properties. Using
our model, we designed devices with a composite base electrode that has the electrical resistivity of Cu
and the electron-phonon coupling strength of AlMn to cool phonons from various bath temperatures. Table
3.7 shows the device parameters of NIS refrigerators designed to cool from bath temperatures of 100 mK,
300 mK, and 500 mK with no power deposited at the center of the membrane and from a bath temperature
of 300 mK when 25 pW is deposited at the center of the membrane. We can now discuss how these devices
differ from the devices with a AlMn and a Cu base electrode.
When cooling from a bath temperature of 100 mK, our model predicts that a device with similar
properties to the device with a Cu base electrode will cool the phonons in the membrane to the lowest base
temperature. However, since the electron-phonon coupling is weaker in this device than in the Cu device,
the model predicts that the base electrode thickness can be increased to reduce the Joule heating. This
slightly changes the properties of the membrane and our model predicts that a device with a composite base
electrode can cool the phonons at the center of the membrane from 100 mK to 20 mK. Similarly, when cooling
from bath temperatures of 300 mK and 500 mK, the model predicts that devices with similar properties as
the devices with a Cu base electrode will be able to reach the lowest bath temperature. However, since the
strength of the electron-phonon coupling is reduced, our model predicts that devices with a composite base
electrode can cool the phonons at the center of the membrane from 500 mK to 324 mK and from 300 mK to
88 mK when no power is deposited at the center of the membrane and a device can cool the phonons from



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In this chapter, we developed a thermal model that predicts NIS junctions are able to cool phonons
to temperatures significantly below the surrounding bath temperature by extending the refrigerated strip of
normal metal onto a thermally isolated membrane. Using our model, we were able to design devices with an
AlMn base electrode that can cool phonons at the center of the membrane from 500 mK to 363 mK, from
300 mK to 107 mK, and from 100 mK to 22 mK when no power was deposited on the membrane. We were
also able to use the model to design a device to cool phonons from 300 mK to 130 mK while 25 pW of power
was deposited at the center of the membrane. We determined that we could improve the performance of the
devices if we replaced the AlMn base electrode with a metal that has a higher electrical conductivity, such
as Cu. Our model predicted that such devices could cool the phonons at the center of the membrane from
500 mK to 348 mK, from 300 mK to 103 mK, and from 100 mK to 22 mK when no power was deposited
at the center of the membrane and from 300 mK to 107 mK when 25 pW of power was deposited at the
center of the membrane. While replacing the base electrode with Cu reduces the resistivity of the base
electrode, it also increases the strength of the electron-phonon coupling. To produce a device with even
better cooling properties, we modeled devices with a base electrode that had the electrical conductivity of
Cu and the electron-phonon coupling strength of AlMn. Our model predicted that a device with a composite
base electrode could cool the phonons at the center of the membrane from 500 mK to 324 mK, from 300 mK
to 88 mK, and from 100 mK to 20 mK when no power was deposited at the center of the membrane and
from 300 mK to 92 mK when 25 pW of power was deposited at the center of the membrane. These devices
would provide a useful temperature reduction and cooling power for low power cryogenic electronics, such as
low temperature detectors that could be integrated directly onto the membrane. In addition to our devices
being able to cool objects integrated with the membrane, we have designed these devices to be able to
cool separate payloads by including a region at the center of the membrane that allows us to attach these
devices to separate objects. The results of using NIS junctions to cool separate, bulk objects are discussed
in chapters 7 and 8.
Chapter 4
Device Fabrication and Experimental Apparatus
4.1 Device Fabrication
In this work, three separate types of devices were fabricated and measured: a device to measure
Andreev reflections in NIS junctions, ar1, an NIS refrigerator designed to cool electrons from 100 mK,
ecool8, and a device designed to cool phonons and bulk objects from 300 mK, pcool7. The devices ar1
and pcool7 were fabricated in the Quantum Fabrication Facility (QFF), a class 100 cleanroom, and the
ecool8 devices were fabricated in the Boulder MicroFab (BMF), a newer class 100 cleanroom, at NIST in
Boulder, Colorado. All devices were fabricated using standard mercury I-line, 365 nm, lithography, a process
of temporally creating a pattern on a wafer that allows material to be added or removed in the pattern or
its negative. This is accomplished by using positive (negative) photoresist, a light sensitive polymer that is
soluble (insoluble) in photoresist developer when exposed to certain wavelengths of light. The photoresist
acts as a protective layer for the underlying material, allowing the underlying material to be selectively
etched. The process, shown in figure 4.1, consists of first designing and creating reticles for the lithography.
An appropriate substrate material is chosen, usually silicon, and materials, such as metals or dielectrics, are
deposited onto the wafer. Photoresist is deposited onto the wafer and patterned to protect certain areas
of the surface from etching. The wafer is etched and the photoresist is removed, leaving a patterned layer
behind. Circuits are made by repeating this process with different patterns and materials.
The general fabrication for each device is as follows. After selecting an appropriate wafer, an aluminum












































Figure 4.1: Diagram of the photolithography process (a) Metal is deposited onto a substrate wafer. (b)
A thin layer of photoresist is spun onto the wafer. (c) UV light is passed through a reticle and exposes
certain areas of the photoresist. These areas become soluble in photoresist developer. (d) The photoresist
is developed, transferring the pattern from the reticle to the photoresist. (e) The metal is etched away in
areas not protected by the photoresist. (f) The photoresist is striped away, leaving a patterned metal layer.
electrode is then passivated by covering it in a film of SiO2. Vias are etched in the SiO2 to form the area
of the NIS junctions. The base electrode is cleaned with an ion mill, oxidized, and then capped with a
superconducting layer. The superconducting layer is oxidized and capped with a normal metal layer to act
as a quasiparticle trap, and then patterned and etched. The devices are tested at room temperature to make
sure they meet specifications. If the devices require a membrane, additional membrane fabrication steps are
then performed. Detailed descriptions of each fabrication process are presented with the discussion of the
device. The details of each process step are explained in more detail below.
4.1.1 Circuit Design
All of the circuits discussed in this work were designed using the circuit layout software Xic. After
the circuits were designed, they were printed onto a reticle using a Interserv Pattern Generator in the QFF
86
and a Heidelberg DWL2000 Pattern Generator in the BMF. In both cases, the design was imprinted onto
photoresist on a glass plate with chrome on one side at 5 times the device size. After the reticle was exposed,
it was washed and then the photoresist was developed using Microposit Developer CD30 until the photoresist
cleared, which was usually about 1 min. The reticle was then rinsed in water to remove the developer and
the exposed chrome was etched using CR-7S chromium etchant until the chrome cleared, which was usually
also about 1 min. After the chrome was etched, the photoresist was stripped by placing the reticle in an
ultrasonic bath of Microposit Remover 1112A heated to 50 C for about 5 minutes and then the process was
repeated in a second, clean bath. The reticle was then rinsed in DI water until all of the Microposit Remover
1112A was removed and cleaned in a spin rinser dryer along with CA-40 Mask Cleaner. After the reticles
were cleaned, they were inspected for quality.
4.1.2 Wafer
All devices were fabricated on 7.62 cm Si prime wafers. Since Si is conductive at room temperature,
an insulating layer is required in order to measure the devices at room temperature. For most devices, a
150 nm layer of SiO2 was grown on the wafer in a Tystar furnace using a wet oxidation recipe. A reaction
of oxygen and hydrogen was used to produce water vapor, at 1000 C for 18.5 minutes. This provided an
insulating surface with surface roughness of about 1 nm RMS on which to build the devices. For devices that
required a membrane, a layer of low stress SiNx was deposited in a separate Tystar furnace by low pressure
chemical vapor deposition (LPCVD) using a 5:1 ratio of dichlorosilane and ammonia at 835 C, to produce
membranes with thickness from 100 to 500 nm. This process can produce wafers with a surface too rough to
form NIS junctions on, so only wafers with a surface roughness of less than about 3 nm RMS were accepted.
The wafers were then washed in a spin rinser dryer to clean the wafer and then baked at 110 C for 1 minute
to remove any residual water vapor.
4.1.3 Metal Deposition
Aluminum, aluminum manganese, and thin layers of copper, thickness less than 50 nm, were deposited
with a Kurt J. Lesker vacuum sputter deposition system which was dedicated to the NIS process, as shown in
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figure 4.2. Sputter deposition works by ionizing argon gas and accelerating the ions towards a metal target,
removing atoms in the process. The atoms from the target then diffusely travel to the wafer where they are
deposited. Before deposition, the wafers are cleaned using an ion mill, a process in which ionized argon atoms
are accelerated towards the wafer to remove surface material in a process similar to sputtering. Material is
removed at a rate of about 0.2 nm/s in a 0.13 mTorr argon environment with an ion mill discharge voltage
of 55 V, a beam voltage of 750 V, and an accelerator voltage of 250 V. After cleaning the wafer, metals
are deposited onto a shutter by first sputtering the material for 60 seconds to remove surface contaminates
from the target and establish a stable deposition rate. After 60 seconds, the shutter is opened and metal
is deposited onto the wafer. The pressure during deposition affects the stress in the film and the power
determines the deposition rate. These two parameters must be chosen to create stress free films. Thicker
films often require a slower deposition rate in order to create small grain sizes in the metal, which increases
the junction quality. Aluminum and aluminum manganese are deposited with 2 mTorr of argon at a power
of 200 to 600 W, which corresponds to a deposition rate of about 0.13 to 0.4 nm/sec. Copper films are
deposited with 3 mTorr of argon at a power of 200 W, which corresponds to a deposition rate of about
0.3 nm/sec. After a copper film is deposited, it is immediately soaked for 3 minutes in a solution of 0.1 %
by weight Benzotriazole (BTAH) dissolved in water, rinsed in water for 2 minutes, and then placed in the
spin rinser dryer to prevent surface corrosion of the copper. Niobium was deposited in a similar deposition
system with 5 mTorr of argon and 300 W to produce a rate of about 0.3 nm/sec.
Gold and thicker layers of copper, thicknesses greater than 50 nm, were deposited with a Kurt J.
Lesker e-beam evaporator. In this process, a crucible of source material is heated with an electron beam and
the material is evaporated onto all of the surfaces in the chamber. Before deposition, the wafer is cleaned
with an RF clean in 15 mTorr of O2 at 240 V for 5 minutes. The e-beam is then turned on and the depostion
rate is allowed to settle with a shutter blocking the wafer. Once the rate has settled, the shutter is opened,
the desired thickness is deposited, and the shutter is closed. Both gold and copper films are deposited at
1 nm/sec. After depositing copper, the wafer is immediately placed in BTAH to prevent surface corrosion.
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(a) (b)
Figure 4.2: (a) Photograph of the NIS deposition system. (b) Photograph of the process chamber during a
deposition. The bright circles are three targets being sputtered. The ion mill is seen as the unilluminated
circle on the right side of the figure.
4.1.4 Oxidation
The insulating layers in the NIS junction are produced by oxidizing the aluminum layers. This
process requires three different types of oxidations: a specific resistance from 5,000 to 10,000 Ωµm2 for
the thermometer junctions, a specific resistance from 1,000 to 2,000 Ωµm2 for the refrigerator junctions,
and a specific resistance under 100 Ωµm2 for the overlayer trap. The thermometer layer is created by first
ion milling the base electrode to remove any surface contaminates using the same process described in the
previous section. Next, the wafer is placed into the load lock of the system and is placed in 50 Torr of O2
for 30 minutes. This produces a specific resistance of about 10,000 Ωµm2. The refrigerator oxide is created
in the process chamber by flowing O2 at 100 sccm, which increases the pressure in the system to the desired
pressure, from 5 to 6 Torr, for the target specific resistance. In order to create the overlayer traps, a low
pressure O2 environment is required and unfortunately, low enough pressures cannot be created by flowing
oxygen. Instead, the low pressure O2 environment is created by first filling the load lock with O2, generally to
about 9 Torr, while the wafer is in the process chamber. Oxygen is then sealed in a capacitance manometer
and the oxygen in the load lock is pumped out. The wafer is transferred into the load lock and the sealed
O2 is released. Since the volume of the capacitance manometer is much smaller than the volume of the load
lock, the expansion of the O2 gas creates a low pressure O2 environment, generally about 15 mTorr, in the
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load lock. After oxidation, the oxide layer is immediately capped with the counter electrode while under the
same vacuum to prevent surface contamination.
In order to produce high quality junctions, the refrigerator and over layer oxidation are produced in the
same lithographic step. Therefore, in order to make test structures to measure the resistance of the individual
insulating layers requires the use of a shadow mask, as shown in figure 4.3. In the first orientation, a column
of devices is blocked from the processing steps. After the refrigerators are made, the wafer is removed from
the system and rotated underneath the shadow mask by 180 degrees, which exposes the protected devices
and now a column of the first devices is protected from further processing steps. This method allows the
wafer to have two columns of test devices that allow for the measurement of both insulating layers.
(a) (b)
Figure 4.3: Photograph of the NIS shadow mask used to make test structures for the refrigerator and
overlayer oxidations. (a) The wafer is placed in the shadow mask and one column of devices is protected
from the processing steps. (b) After the refrigerator processing is complete, the wafer is rotated by 180
degrees to expose the column of devices that were protected and then protects a single column of devices
from the first processing step. This technique produces two columns of devices that can be used to measure
the resistance of the two insulating layers.
4.1.5 Dielectric Deposition
Additional insulation between metal layers was created by plasma-enhanced chemical vapor deposition
of SiO2 using a PlasmaQuest ECR. Before depositing the SiO2, surface contaminates were removed from
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the wafer by a 2 minute O2 RF clean. Next, SiO2 was deposited at a rate of about 1.1 nm/sec by flowing
141 sccm of Ar, 18.7 sccm of O2, and 118 sccm of SiH4 to 15 mTorr with an RF power of 220 W and a
microwave power of 725 W. In order to improve the adhesion of photoresist to the dielectric layer, the wafer
was then oxygen ashed in a Technics PE-IIA plasma system with 50 sccm of O2 at 50 W for 1 minute.
4.1.6 Patterning
Wafers were covered with photoresist in a spinner to make photoresist films of uniform thickness.
The most common method of coating resist used in this work started by coating the wafer with Microprime
Primer P-20, a chemical that changes the surface chemistry of the wafer to improve photoresist adhesion.
The P-20 is spun off the wafer and then the photoresist is deposited onto the wafer. In the most general
case, about 1 µm thick films of photoresist were created using Shipley 660L positive photoresist. If the resist
was used to pattern a metal layer, the resist was spun at 2600 RPM to create a 1 µm thick layer while
photoresist used to pattern dielectric layers was spun at 2200 RPM to create a 1.1 µm thick layer. The
different thicknesses were required because of the different etching processes. After the wafer was coated
with photoresist, it was baked for 1 min at 95 C to solidify the resist. In certain process steps, such as liftoff
and etching thick layers, a thicker resist was required. In these cases, Shipley 220-3 was used. The resist was
spun at 2500 RPM to produce a 3 µm thick layer and then baked at 115 C for 90 seconds. After baking, the
wafer was then allowed to cool before patterning.
The wafer was patterned inside an ASML PAS 5000/55 stepper in the QFF and an ASML PAS
5000/100D stepper in the BMF. The stepper first aligns the wafer and then reduces the image on the reticle
into the size of a single die and shoots the image die by die on the wafer, stepping between the dies. Images
were shot using a mercury I-line source, 365 nm, and the dose varied depending on the layer underneath the
photoresist and the photoresist used, but was generally between 200 and 300 mJ/cm2. After exposure in the
stepper, the wafer was baked at 110 C if Shipley 660 photoresist was used and then allowed to cool. Next,
the wafer was developed by spinning on MF 26A for 60 seconds and then sprayed with water and spun dry
to clean the wafer. This process usually leaves small amounts of excess developer, so the wafer was placed
into a spin rinser dryer to complete the cleaning process. The wafer was then inspected for quality. In some
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cases, especially with 3 µm resist, extra developing may have been required, and the developing process was
repeated.
4.1.7 Plasma Etching
Dielectric layers were etched using an Axic reactive ion etcher (RIE). Two different types of etches
were performed. To create an etch that produced nominally 45 degree sloped side walls which are required
for vias, a plasma etch was created by flowing 20 sccm of O2, and 50 sccm of CHF3 to a pressure of 100 mT
with an RF power of 120 W and a DC voltage bias of 260 V. A faster etch that produced straight side walls,
used for alignment marks and membrane perforations, was created by flowing 2 sccm of O2, and 42 sccm of
CF4 to a pressure of 35 mT with an RF power of 150 W and a DC voltage bias of 100 V. End point detection
was achieved by using laser interferometry in which a laser is reflected off of a metal layer underneath the
dielectric material and measuring the interference pattern. Once the dielectric layer was completely etched
away, the interference pattern stopped changing and the wafer was etched for an additional 30 % of the etch
time to account for non-uniformity in the etch.
Niobium was etched using an Ion & Plasma Equipment RIE with a plasma etch created by flowing
18 sccm of O2 and 42 sccm of CF4 to a pressure of 100 mT with an RF power of 30 W and a DC voltage bias
of 90 V. This process created nominally 45 degree sloped side walls to allow step coverage for subsequent
layers. This system used an optical endpoint detection in which a detector examines wavelengths of light
that are absorbed by different chemical species in the plasma. When the light changes, this means that the
plasma is etching a new material.
4.1.8 Acid Etching
The aluminum manganese and aluminum layers were etched in a bath of Aluminum etchant Transene
Type A 1 heated to 50 C. The wafer was placed into a wafer tree, submerged in the acid bath, and then
agitated until the wafer was clear plus an additional 10 % of the etch time to ensure a complete etch. The
wafer was then rinsed for 2 minutes to remove the acid and then the wafer was cleaned in a spin rinser dryer.
To simplify the fabrication process, aluminum films were etched in the same method. Copper films thinner
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than 50 nm were etched in a similar method, but in a bath of 1:2 Copper Etch APS 100 to DI water at room
temperature. This acid etch produces a large undercut of the copper film, so it is only used for films thinner
than 50 nm. Films thicker than 50 nm required a liftoff process.
4.1.9 Liftoff
Gold and copper cannot be plasma etched for chemical reasons, so these layers are patterned using
a liftoff process. In this process, photoresist is spun on the wafer before the metal layer is deposited and is
removed over the areas where the metal is desired. Next, the metal is deposited on top of the photoresist
and when the resist is removed, metal is left in the desired locations. This process can leave rough edges,
informally known as flags, due to ripping the metal, that cannot be covered by a later layer. Therefore, liftoff
is only used on the last metal layer. Flags can be prevented by performing liftoff with specialized photoresist
recipes, but these techniques were not used in this work since gold and copper were always the final layer.
4.1.10 Removing Photoresist
After the photoresist is no longer required, it must be removed. If the photoresist was exposed to a
fluorine plasma etch, a solvent resistant film can form. To remove this film, the wafer is placed in a Technics
PE-IIA Plasma System where it is ashed using a plasma created by flowing 50 sccm of O2 at 50 W. This
removes the film and some of the photoresist. If the wafer was not exposed to a fluorine plasma etch, this
step is skipped. The remaining photoresist is then removed by placing the wafer in an ultrasonic acetone
bath for 2 minutes. The wafer is then placed into a clean acetone bath and the process is repeated. The
wafer is then rinsed in isopropyl alcohol to remove any acetone residue and spun in the spin rinser dryer to
remove the isopropyl alcohol. The photoresist used in the liftoff process is removed in the same way, except
the wafer is placed in the first ultrasonic acetone bath until all of the photoresist is removed. The time
required to remove the photoresist varies and can often be longer than 2 minutes.
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4.1.11 Back Side Etch
To make a suspended membrane, large amounts of the silicon substrate must be removed from each
device. This process etches through the entire wafer, so the wafer must be supported so it does not fall
apart. After the front side of the wafer is completed, a bonding mixture is created by dissolving 2 parts
crystal bond wax in 1 part of MicroChem EBR. The bonding mixture is spun onto the wafer and a sapphire
carrier wafer to create a film of wax. The two wafers are then placed in a vacuum oven at 125 C to remove
any air bubbles from the wax and to create a smooth, uniform coating. After an hour, the two wafers are
placed wax side together with the back of the device wafer up, a weight is placed on top, and the sandwich
is placed back in the vacuum oven for several hours to remove any air pockets. The wafer stack is then
removed from the oven and the wax layer is inspected through the sapphire wafer to ensure there are no air
bubbles. Bubbles destroy any membrane they are under during the backside etch process since they are at
a pressure of 1 atmosphere and when etched, the other side of the wafer is under vacuum. When the silicon
is removed, the air bubble provides enough pressure to burst the membrane. Therefore, if any bubbles are
present, the sandwich is pulled apart and the process is repeated.
After the wafer sandwich passes inspection, the dielectric films on the back side of the wafer are
removed from the wafer by running the quick dielectric etch in the Axic RIE until all of the films are
removed. In some cases, bubbles of low pressure gas can be formed in the wax during this process. They
can be removed by quickly baking the sandwich at 150 C for about 15 seconds. Once the bare silicon is
exposed, SPR220-7, a 7 µm photoresist, is spun onto the wafer at 2500 RPM, baked at 95 C for 2 minutes,
and then baked at 115 C for 2 minutes. The wafer is then allowed to cool for 10 minutes. Thick photoresist
is required because of the length and aggressiveness of the etch, which would etch though thinner resist. The
photoresist is exposed with a Karl Suss MA/BA6 Mask Aligner through a contact mask, where a 1:1 image
of the layout is printed onto the wafer. This exposes the entire wafer in one exposure, unlike the stepper,
which only exposes one die. The image is exposed at 18 mW/cm2 for 48 seconds, and then allowed to rest
for 10 minutes to allow the nitrogen generated in the photoresist to diffuse through the thick resist layer
before developing using MF-26A for 80 seconds.
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Silicon is etched in a STS ASE ICP Deep Reactive Ion Etch (DRIE) by the Bosch process. In this
process, silicon is isotropically etched first with SF6 and O2 for 8 seconds. Then a passivation layer is
deposited for 12 seconds with C4F8 and O2, which produces a substance similar to Teflon. Alternating
between these two steps allows etches with nearly vertical side walls. The etch rate is about 1 µm per
20 second cycle, which means this process can etch through an entire 380 µm wafer in a few hours. The
wafer is etched half way through and then the depth of the etch is measured using a microscope to determine
the etch rate. The wafer is then rotated by 180 degrees to correct for the radial non-uniformity of the etch
and the etch is resumed. When all of the silicon is etched away, the process can produce the undesired effect
of removing silicon from underneath the features on the front side of the wafer. Therefore, care must be
taken not to over etch the wafer. To prevent this, the wafer is taken out as it approaches completion and
the etch depth is measured to determine how many more cycles are required. Once the etch has reached
the front side of the wafer, the wafer is etched for an additional 1 to 3 cycles to ensure all of the silicon is
removed. This process also dices the wafer into single chips if the backside mask includes features defining
the die boundaries.
The 7 µm photoresist is removed by spinning on acetone followed by isopropyl alcohol. To remove the
diced chips from the sapphire carrier wafer, the wafer is submerged upside down in an acetone bath until
the chips fall to the bottom of the bath. The individual chips are then cleaned in an acetone and isopropyl
alcohol bath before being removed from the cleanroom.
4.1.12 Room Temperature Measurements and Dicing
After the wafer is completed, the device resistances are measured at room temperature using a 4-point
probe to make sure that they meet the desired specifications. If the wafer was not diced into single chips
using the DRIE, completed wafers are diced into single die using a dicing saw. This is accomplished by first
spinning a protective layer of 1 µm photoresist on the wafer followed by 60 second bake at 95 C to protect
the dies from surface damage from silicon dust during the dicing process. The wafer is then placed into a
Disco dicing saw where the wafer is diced into 6 mm die using a diamond saw. After the wafer is diced into
single chips, the photoresist is removed by soaking the die in an acetone bath, followed by an isoproylalcohol
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bath prior to device measurement.
4.2 Experimental Apparatus
4.2.1 Cryostat
Device measurements were performed in an adiabatic demagnetization refrigerator (ADR) with a base
temperature of about 50 mK. An ADR uses the electronic spins of a system as a method of refrigeration.
Refrigeration is achieved by placing an electronic spin system which is in strong thermal contact with the
outside world in a magnetic field. The spins in the system align with the magnetic field and energy is added
to the payload. The energy is removed from the system by allowing it to reach thermal equilibrium with a
colder thermal bath. After the system has reached the bath temperature, the strong thermal link is removed.
When the magnetic field is reduced, it is entropically unfavorable for all of the spins to be aligned and the
spins rearrange into a higher entropy state. The energy required to rearrange the electronic spins in the salt
pill is transferred from the cold stage to the salt pill, refrigerating the cold stage in the process. This method
of refrigeration is nearly an adiabatic process since little energy can enter or leave the system. Therefore,
the temperature of the system can be changed to any temperature between the base temperature and the
launch temperature by simply changing the magnetic field.
The cryostat used in this experiment is shown in figure 4.4 a. The ADR unit is placed inside a 4K
shield which is cooled by liquid helium. The liquid helium stage is protected from room temperature radiation
by a 77 K stage cooled by liquid nitrogen. A photograph of the two stage ADR unit is shown in figure 4.4 b.
It consists of a 4 T superconducting magnet, rated to 20 A, that is in strong thermal contact with the liquid
helium bath. The spin systems of the ADR are provided by salt pills inside the bore of the magnet. The pills
are suspended by a low thermal conductivity Kevlar suspension system. Gadolinium-gallium garnet (GGG)
is used to provide a 1 K stage with a high heat capacity which is used as an intermediate stage between 4 K
and 50 mK to allow heat sinking of measurement wires and the suspension system. Ferric ammonium alum
(FAA) provides the 50 mK stage of the cryostat.

















Figure 4.4: Photograph of the cryostat. (a) Photograph of the cryostat showing the electronics tower, the
liquid nitrogen and liquid helium tanks, and the ADR unit. (b) Photograph of the ADR unit. The 1 K and
50 mK stages are supported from the 4 K stage using Kevlar. The 50 mK stage is shown in rear of the unit.
strong thermal contact with the liquid helium bath. Current is supplied to the magnet using an HP 6641A
power supply that can supply 20 A at 8 V. Since the magnet is an inductor (L = 8.6 H), changing the current
builds up a voltage across the magnet. If the voltage across the magnet is greater than 1 V, it can destroy
the magnet. This is avoided by monitoring the voltage across the magnet using an Agilent 34401A digital
multimeter. The current is ramped at a rate of about 0.02 A/s using a computer controlled algorithm to
keep the voltage across the magnet below 200 mV. As a safety measure, back-to-back diodes are placed in
parallel with the magnet which allows an alternative path for the current for voltages greater than 1 V. If
the full current passes through the diode, enough energy is deposited into the 4 K stage to boil off liquid
helium in the cryostat, but the magnet is protected from being damaged.
Once the current is ramped to 18.8 A, the system is allowed to come into thermal equilibrium with the
liquid helium bath, which generally takes about 2 hours. Once the system has equilibrated, a heat switch
is opened and the strong thermal link with the liquid helium bath is removed. Current is then removed
from the magnet at a rate of about 0.02 A/s, creating 200 mV across the magnet, until the ADR reaches
its base temperature. The temperature of the FAA stage is determined by using a Lakeshore 370 resistance
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bridge to measure the resistance of a Ruthenium Oxide (RuOx) resistance thermometer which was previously
calibrated against a Johnson noise thermometer.
The temperature of the cryostat is changed by changing the current through the magnet using a PID
loop controlled by the Lakeshore 370. The Lakeshore outputs a current from 0 to 316 µA, which is amplified
by a factor of 20,000 using a Kepco bipolar operational power supply which can output a maximum of 20 V
and 20 A. The output of the bipolar operational power supply then proceeds to the ADR magnet. Using
this setup, the cryostat can provide temperatures from between 50 mK and about 1 K. The temperature
stability is a function of temperature where higher temperatures have less stability. For temperatures of
300 mK and below, the temperature is stable to about 50 µK.
4.2.2 Sample Box
Devices are measured in a gold-plated-copper sample box shown in figure 4.5. Chips are placed on a
boss that extends through the circuit board and secured with either rubber cement or BeCu clips to provide
a strong thermal contact with the rest of the experiment. The devices are electrically connected to a printed
circuit board (PCB) through 1 mil diameter Al wire bonds. In certain cases, such as the pcool7 devices,
extra heat sinking is provided by attaching gold wirebonds connected to copper pads on the surrounding
PCB. Each measurement wire is filtered using a Minicircuits LFCN-80, 80 MHz low pass filter, located
inside the sample box. The NIS junctions are extremely sensitive to static electricity and can easily be
destroyed. To mitigate this damage, each measurement line is also connected to ground through a Schottky
diode. These diodes preventing static electricity from damaging the device by providing a path to ground
for currents caused by large voltage changes at room temperature. At low temperatures, the diodes freeze
out and provide at least 100 MΩ of resistance at 4 K for voltages lower than 10 mV, and therefore, do not
affect the device measurements. The temperature of the sample box was measured using a RuOx resistance
thermometer soldered to the PCB, which was calibrated against a Johnson noise thermometer.
Electrical connections to 50 mK are made using 48 twisted pair DC wires on two superconducting
NbTi looms terminated with Micro-D 25 connectors. The wire looms are heat sunk at 1 K and then connected












Figure 4.5: Photograph of the sample box. (a) Photograph of the closed box showing the ADR attachment.
(b) Photograph of the top of the sample box. All of the internal surfaces are blackened to absorb stray light.
(c) Photograph of the inside of the sample box. The measurement lines are filtered with Minicircuits LFCN-
80, 80 MHz low pass filters, and have a path to ground through a diode to protect the devices from static
electricity at room temperature. The temperature of the sample box is measured using a RuOx thermometer.
and one LFCN-3000 filter to remove stray RF signals. The measurement wires travel to room temperature
though low inductance flexible cables with copper-nickel signal-ground pairs that are heat sunk at 77 K
and then proceed to a breakout box at the top of the cryostat. In the breakout box, each line is filtered
using a 1 kΩ resistor and a 120 µH inductor in series. The resistors are also used to limit static electricity
from damaging the devices. Electrical connections to the breakout box were made by SMB connectors. The
resistance of each wire from room temperature to the cold stage is dominated by the filter resistor and is
about 1 kΩ when the cryostat is at room and cryogenic temperatures.
4.2.3 Device Measurements
All of the desired characteristics of the NIS junctions can be determined by measuring the IV char-
acteristics of the junction. The IV characteristics of the junctions were measured using the circuit shown
in the right side of figure 4.6. Four-wire measurements were performed by current biasing the junction and
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then measuring the voltage across the device. The current bias was achieved using two battery powered
programable voltage sources with their negative voltage terminals connected together to form a low-noise
dual-polarity voltage source. The voltage sources provided a voltage between 0 V and 6 V in 0.1 mV steps.
This voltage was turned into a current bias through a known room temperature resistor. The resistor was
chosen such that the maximum output of the voltage source, 6 V, correspond to a voltage across the junctions
of 2 ∆ times the number of junctions in order to provide a maximum dynamic range to bias the devices. The
voltage across the sample was amplified using an INA100 instrumentation amplifier and measured using an
Aglient 34401A digital multimeter. The current through the circuit was determined by measuring the voltage
across a known room temperature sense resistor using an additional Aglient 34401A. The sense resistor was
usually a factor of 10 smaller than the bias resistor in order to provide a large enough signal to measure
while being small enough to not affect the current bias of the circuit.
Figure 4.6: Diagram of an electrical measurement of an NIS cooling experiment.
According to BCS theory, given by equation 2.18, each point in the IV curve uniquely determines
the electron temperature of the normal metal for a given ∆, Rn, and Γ. Therefore, an NIS junction can
be used as a thermometer since it provides a measurement of the electron temperature in the normal-metal
electrode with an accurate knowledge of ∆, Rn, and Γ. Therefore, knowledge of these parameters is required
before junctions can be used as thermometers in cooling experiments. The normal state resistance of the
device, Rn, was measured from points in the IV curve for values much greater than ∆. Due to the non-ohmic
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nature of the NIS junctions, the value of the normal state resistance was determined by comparing the IV
characteristics of the junction to IV curves generated using BCS theory above voltage biases of 4 ∆/e. Once
Rn was measured, Γ was determined from the ratio of the normal state resistance to the sub gap resistance
from a plot of the differential conductance of the junction. To determine ∆, each point on the IV curve
must be converted into a temperature. This is achieved by generating a family of IV curves at temperatures
between 0 K and TC for a given ∆, Rn, and Γ, as shown in figure 4.7. Then, the temperature of each
measured IV point can be determined from interpolating the temperature from the theoretical curves, as
shown in figure 4.8. The superconducting gap ∆ is determined by a least-squares minimization between the
measured IV curves and the cryostat temperature. Care must be taken to make sure that the IV curves are
truly isothermal. For this reason, ∆ is usually determined from the data at voltage biases around 0.1 ∆/e
and temperatures above about 150 mK to insure the the data are actually isothermal and not affected by
the self cooling of the junctions. Once these three parameters were determined, each point in the IV curve
represented a temperature and the NIS junction can be used as a thermometer.
Cooling experiments were performed by biasing the refrigerator junctions with the current that pro-
duced the maximum cooling and then the electron temperature of the normal metal was measured with the
thermometer junctions. The refrigerator bias that produced the maximum cooling, called the optimal bias,
was determined by maximizing the potential difference across a thermometer junction that was biased with
alternating positive and negative currents to compensate for voltage offsets and drift. To obtain a more
accurate measurement of the cooled-electron temperature, the optimal bias was supplied to the refrigerator
junctions and the IV characteristics of the thermometer junction were measured. To convert this IV curve to
a temperature, the curve was compared to a family of IV curves generated from BCS theory for a variety of
temperatures. An interpolation routine was used to find the temperature of every IV point in the measured
curve. By measuring the IV curves of the refrigerator junctions versus temperature to obtain ∆, Γ, and Rn,
the temperature of the electrons in the refrigerator junctions can also be determined using the interpolation
method.
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Figure 4.7: Measured NIS thermometer IV curves, points, plotted with theoretical IV curves for various bath
temperatures, in millikelvin, generated using BCS theory, solid lines. Each measured point in the IV curve
can be converted into an electron temperature by interpolating between the theoretical IV curves, as shown
in figure 4.8.
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Figure 4.8: Measured NIS thermometer IV curves, taken at the cryostat bath temperature shown in the legend
in millikelvin, from figure 4.7 converted to electron temperature versus voltage bias using an interpolation
from the theoretical IV curves. By converting each point in the IV curve to an electron temperature, we can
determine the temperature of the electron system in the normal metal versus refrigerator bias. As the data
show, for biases lower than about 200 µV, the device behaves isothermally. Varying the theoretical value of
∆ changes the temperature of these curves since the data are interpolated from a different family of curves.
Therefore, ∆ can be determined by a least-squares minimization between the measured IV curves and the
cryostat temperature at a point where the curves behave isothermally, represented by the black vertical line.
Chapter 5
Andreev Reflections
In order to produce an optimized NIS refrigerator, accurate modeling of the underlying physical
phenomena is required. According to BCS theory, almost no current should flow through an NIS junction
when it is biased below the gap. However, experimental measurements of our devices often show much more
current than BCS theory predicts. Accurate modeling of this extra current is essential, especially for devices
designed to cool from low temperatures, where Joule heating becomes a large factor.
5.1 Theory of Andreev Reflections
One explanation of the excess current is due to Andreev reflections [5] [83], a process in which the
normal current from the normal metal is converted into the supercurrent in a superconductor without
involving the quasiparticle system in the superconductor. This process happens when an electron (hole) in
the normal metal with an energy less than the gap forms a Cooper pair in the superconductor by reflecting
a hole (electron) with opposite spin and momentum from the NS interface. Therefore, this process is a
two-particle process, which transfers 2e across the junction, avoiding the forbidden region of the gap.
A seminal paper on this effect was written by Blonder, Tinkham, and Klapwijk (BTK) in 1982 [14].
This model assumes that the electrons in the normal metal and the quasiparticles in the superconductor are
in the ballistic regime. The excess heating caused by this effect in an NIS junction was modeled by Bardas
and Averin in 1995 [9].
However, in real devices, measured currents were often larger than the predictions from BTK theory.
In 1994, Heking and Nazarov developed a theory to try to explain this extra current [33]. They state that
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in realistic junctions, with thin normal metal and superconductor layers, the electrons and quasiparticles
no longer behave ballistically, but are in the diffusive limit. In this limit, the particles can reflect off of the
barrier many times before tunneling, which will cause a higher current than predicted by the BTK theory.
To test Hekking and Nazarov’s theory, Pothier et al. [74] made devices to measure the current due
to multiple Andreev reflections and their measurements agreed with the theory when it was scaled up by a
factor of 4.7. Rajauria et al. made similar measurements using SINIS devices, and their measurements of the
subgap current agreed with the theory when it was scaled up by a factor of 1.37 [77] [78]. However, Rajauria
et al. only measured Andreev reflections in one device thus preventing rigorous tests of the predictions
of Hekking and Nazarov for how Andreev reflections scale with junction properties. Therefore, we made
multiple devices with different areas and different oxide thicknesses to test these predictions.
According to Hekking and Nazarov, when the junction dimensions are larger than the coherence length











1− eV/∆ , (5.1)
where e is the electron charge, Rn is the normal state resistance of the junction, S is the area of the junction,
νN,S is the 2 spin density of states of the normal metal (superconductor), V is the voltage bias, and T is the


















Equation 5.2 shows that the unitless current due to Andreev reflections scales inversely with the resistance
area product of the junction, RSP ≡ R× S.
In order for equation 5.2 to be valid, the junction dimensions must be larger than the coherence length











where D is the diffusion constant, which is given by
D = vf l/3, (5.4)
where vf is the Fermi velocity and l is the mean free path. The mean free path in a metal can be calculated





where me is the mass of the electron, n is the electron density of the metal, and ρ is the resistivity. In the
following calculations, we assume that the electron density and the Fermi velocity of the aluminum manganese
is the same as in aluminum since it is only lightly doped. Using an electron density of n = 18.06×1028 m−3,
a Fermi energy of 11.63 eV, the measured resistivities, ρAl = 0.005 Ωµm and ρAlMn = 0.1 Ωµm, and a
temperature T = 100 mK, we find that ξS = 444 nm and ξN = 571 nm. The dimensions of our smallest
junctions are 2 µm × 2 µm, which is larger than both coherence lengths and therefore, it is valid to use
equation 5.2 to model our junctions. It is important to note that the devices in the measurements performed
by Pothier et al. and Rajauria et al. were in the opposite limit of Hekking and Nazarov’s theory.
5.2 Device Fabrication and Measurement Setup
In this experiment, devices with different RSP s and areas were required. This was accomplished by
fabricating two wafers, one with high resistance devices and one with low resistance devices. Devices with
different areas were created on each chip to provide as fair a comparison of device area as possible. The
devices in this experiment were created by sputter depositing 30 nm of AlMn (4000 ppm at % Mn) onto
thermally oxidized Si wafers. The wafers were then patterned and etched in a heated acid bath. To protect
the base electrode from further processing steps, a 90 nm layer of SiO2 was deposited using PECVD. This
layer was then patterned and plasma etched to form vias that defined the junction area. The wafers were
then ion milled to removed any surface contaminates and the NIS junctions were formed. The low resistance
devices, 30 Ωµm2, were created by exposing the base electrode to 0.1 Torr-s of O2 and the high resistance
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devices, 200 Ωµm2, were created by exposing the devices to 42 Torr-s of O2. After oxidation, a 525 nm
layer of aluminum was deposited onto the high resistance wafer and 230 nm of aluminum was deposited onto
the low resistance wafer to form the superconducting layer. The devices were completed by patterning and
etching the wafers in a heated acid bath. A photograph of a 4 × 4 µm device is shown in figure 5.1.
Figure 5.1: Photograph of our device used to measure multiple Andreev reflections. The junction is created
by depositing a normal metal wire onto the silicon substrate and then covering the wafer in a layer of SiO2.
A via is opened in the SiO2, the normal metal is oxidized, and supercondcuting wire is deposited over the
normal metal to form the junction.
IV curves were measured in four devices, two from each wafer. A 3 × 3 µm and a 4 × 4 µm device
were measured from the high resistance wafer and a 2 × 2 µm and a 3 × 3 µm device were measured from
the low resistance wafer. The devices from the same wafer were measured from the same chip to ensure
that the junction properties, such as the metal thickness and RSP s, were as similar as possible. The IV
characteristics of the devices were measured at 100 mK and the devices were current biased with a 10 MΩ
resistor. The measured properties of each device are shown in table 5.1. The normal metal thickness, dN ,
and superconductor thickness, dS , were measured at room temperature using a profilometer. The normal
state resistance, Rn, was measured at 100 mK from the normal state of the IV curves. The superconducting
gap, ∆, was calculated by fitting higher temperature IV curves to IV curves generated using BCS theory.
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Table 5.1: Measured values of device parameters used to measure Andreev reflections.
Device Area (µm2) Rn (Ω) RSP (Ωµm
2) dN (nm) dS (nm) ∆ (µeV)
1 16 11.2 179 30 525 185
2 9 21.5 193 30 525 185
3 9 2.98 27 31 230 185
4 4 8.25 33 31 230 185
5.3 Results
The results of the experiment are shown in figure 5.2, where the measured unitless current and voltage
are plotted with the predictions of Hekking and Nazarov using the device parameters and the two-spin density
of states of Al, νN,S = 1.4×1047 1/(J m3). The uncertainty in the measurement is ± 50 pA and ± 5 µV,
which is smaller than the markers in the plot. As figure 5.2 shows, the data are in agreement with Hekking
and Nazarov’s multiple Andreev reflection theory for biases below the superconducting gap. Devices with
the same RSP have the same unitless current, and the current due to Andreev reflections scales inversely
with RSP , as the theory predicts. To provide a metric for how well the theory agrees with the data, we can
divide the sub gap current data by the predicted current for voltage biases between 0.2 and 0.6 ∆/e. Using
this metric, devices 1 and 2 agree within 7 % of the theory, Device 3 agrees within 18 %, and Device 4 agrees
within 15 %. The divergence between the data and the theory for voltage biases over 0.7 ∆/e is due to the
fact that the NIS junctions behave non-isothermally for these voltage biases and the current due to Andreev
reflections is dominated by the NIS quasiparticle current.
To determine if the extra current that we measured could be explained by other effects, we plotted the
same data versus IV curves generated using BCS theory with the Dynes parameter, given by equation 2.18,
as shown in figure 5.3. As figure 5.3 shows, the data is not in good agreement with the Dynes theory. The
Dynes theory predicts that the current should steadily rise in the sub gap region. However, the data reach
a specific value of the current, and then stop increasing, which is consistent with the predictions of multiple
Andreev reflections. Therefore, this suggests that the extra current that we observe in the devices is due to
Andreev reflections and not caused by additional sub gap states in the superconductor. Our measurements
of this extra current were published in [48].
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Figure 5.2: Measured unitless current versus voltage for the four devices with Hekking and Nazarov’s theory.
The measured data are represented by points and the theory of multiple Andreev reflections is represented
by the dashed lines. The data are in agreement with the theory for biases below 0.7 ∆/e. At higher biases,
the junctions start to behave thermally, and a detailed thermal model is required to match the theory with
the data.















Dynes Parameter = 2e−4
Dynes Parameter = 4e−4
Dynes Parameter = 6e−4
Dynes Parameter = 8e−4
Dynes Parameter = 10e−4
Figure 5.3: Measured unitless current versus voltage for the four devices with IV curves generated by various
Dynes parameters. Curves generated using the Dynes parameter do not agree with the measured data. The
Dynes theory predicts a steady rising current in the subgap region. Instead, the data reach a certain value
and then plateau, which is consistent with multiple Andreev reflections.
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5.4 Discussion
To better understand the sub gap properties of our junctions, we designed, fabricated, and measured
devices to study the IV characteristics of our junctions at low voltage biases. In this region, we measured
a larger current than the BCS theory predicts. Our measurements of this extra current are consistent with
Hekking and Nazarov’s theory of multiple Andreev reflections and cannot be explained by the presence
of additional sub gap states. We have incorporated Hekking and Nazarov’s theory of multiple Andreev
reflections into our NIS refrigeration model and this extra term will help us more accurately model the
cooling properties of NIS junctions with low specific resistances.
Chapter 6
Cooling Electrons from 100 mK
Previous NIS refrigerators have been designed to cool electrons from a bath temperature of 300 mK
since this temperature can be reached using a simple 3He sorption refrigerator. Previous NIS junctions have
been able to cool from 300 mK to about 100 mK [68], but lower base temperatures are desirable. In order
to reach these temperatures using NIS junctions, one could design a multi-stage NIS cooler that could cool
from 300 mK to below 100 mK. This chapter describes a first attempt at making junctions optimized to cool
in this sub-100 mK temperature regime.
6.1 Athermal Electron Distribution
In our cooling experiments, we can measure the cooled electron temperature in the normal metal
not only with the thermometer junctions, but from the IV curves of the refrigerator junctions as well. In
previous experiments, the two methods of measuring the electron temperature disagreed, and this discrepancy
increased at lower electron temperatures, as shown in figure 1.15 [67] [68]. The authors hypothesized that
this difference in temperature was caused by an athermal electron distribution in the normal metal. They
state that an athermal distribution can occur since only the hottest electrons, the electrons in the tip of
the Fermi function, are able to tunnel. If the tunneling rate is faster than the rate at which the electron
distribution can thermalize, the electrons will be distributed by a function that is different than the Fermi
function and the temperature of this system is ill defined.
A different electron distribution will change the characteristics of the IV curve. However, if the change
in the IV curve is small enough and the IV curve is still similar to curves predicted by BCS theory, the IV
111
curves may lead one to think that the electrons in the normal metal are being cooled to a lower temperature.
Therefore, to produce devices designed to cool from 100 mK, we must determine if an athermal electron
distribution is present in our devices. In the next sections, we will develop a model to predict the conditions
required to establish an athermal electron distribution and design devices to measure this effect.
6.1.1 Tunneling Lifetime
To calculate the tunneling lifetime of an electron, we can examine the energy diagrams in figure 2.2.
At zero temperature, the number of electrons that can tunnel across the junction will be determined by the
number of electrons above the Fermi energy. The number of electrons that have a finite tunneling probability
is equal to the two spin density of states, N(0) = 1.4×1047 #/(J m3) for Al, times the volume of the normal
metal under the junction, At, where A is the junction area and t is the thickness of the metal. The number
of electrons that have enough energy to tunnel is given by eVb where e is the electron charge and Vb is the










This can be rearranged into
τt = N(0)e
2RtAt. (6.2)
However, RtA is the resistance area product, RSP , so the tunneling time can be expressed as
τt = N(0)e
2RSP t. (6.3)
Therefore, the tunneling time is proportional to the specific resistance of the junction and the film thickness.
6.1.2 Electron-Electron Scattering
Now that we have calculated the rate at which a single electron leaves the junction, we need to find
how fast the electrons thermalize. Electron-electron scattering allows the electrons to thermalize and regain
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a Fermi distribution. The electron-electron scattering rate depends on the dimensionality and amount of
disorder in the metal film. First, we must determine if the normal metal base electrode can be considered to be
2D or 3D. A material can be considered 2D if the uncertainty in energy associated with the transit time across
the thinnest dimension of the junction is greater than the energy of the electron, i.e. τtransit < h¯/E [84].
The electrons have an energy of kbT , corresponding to a time of τ = 7.6 × 10−11 s at 100 mK. The transit
time is given by τtransit = t
2/D, where D is the diffusion constant. For our previous AlMn devices,
τtransit ≈ 1× 10−13 s. Therefore, the normal metal base electrode is in the 2D limit.
The next determination that must be made is if the base electrode is in the clean or dirty limit. In
2D, a film is in the dirty limit if E < pih¯l/(kfvf t) [93]. The electrons of interest have energy kbT and
this condition is met. Therefore, we have determined that the base electrode is in the 2D dirty film limit.





where Rsq is the sheet resistance of the film and T1 ≈ 1012 K.
6.1.3 Electron-Phonon Scattering
In addition to thermalizing through the electron-electron interaction, electrons can also thermalize
with the crystal lattice through the electron-phonon interaction. The scattering time for this interaction was
calculated by Ullom for a material with an electron-phonon coupling scaling as T 5 [93] and O’Neil extended
the results of this calculation for the case of a material where the electron-phonon coupling scales as T 6 [67].
At 100 mK, we have measured that the electron-phonon coupling scales as T 6 in our AlMn films, resulting







where I0 = Γ(5)ζ(5) ≈ 25, Σ is the electron-phonon coupling constant, and E is the energy of the electrons.
At 100 mK, this corresponds to τep = 9 ms, which is significantly larger than the other relevant time scales.
Since the electron-phonon interaction time is so much larger than the other time scales, it is unlikely that
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an electron will undergo this interaction. Therefore, the electron-phonon interaction will be ignored for the
rest of the discussion about athermal behavior.
6.1.4 Athermal Behavior
Now that we have calculated the tunneling time and the thermalization time, we can see how the two
times compare to each other. Figure 6.1 shows the tunneling time and the thermalization time for the devices
used in previous experiments versus temperature. When the electron-electron scattering time is shorter than
the tunneling time, we can expect that the electrons will be in a thermal distribution in the normal metal.
However, as figure 6.1 shows, for temperatures below about 60 mK, the tunneling rate is greater than the
electron-electron scattering rate. Therefore, it is possible that the electrons are in an athermal distribution
in this temperature regime.















Figure 6.1: The electron-electron scattering time and tunneling time for an NIS junction with a base electrode
thickness of 25 nm and a specific resistance of 1200 Ωµm2 versus temperature. When the tunneling rate is
faster than the thermalization rate due to the electron-electron interaction, we expect the electrons to be in
an athermal distribution.
To make devices to study the tunneling rate, we can try to increase the amount of time it takes for
an electron to tunnel and try to decrease the electron-electron scattering time. As equation 6.3 shows, the
tunneling time is proportional to the specific resistance of the junction and the normal metal thickness.
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Therefore, increasing these values will increase the tunneling time. As equation 6.4 shows, the electron-
electron scattering time can be decreased by increasing the resistance of the normal metal.
One method of increasing the thermalization can be achieved by placing a resistive layer beneath the
base electrode which will have an increased electron-electron scattering time, as shown in figure 6.2. The
electrons in this metal should be in a thermal distribution and then can interact with the electrons in the
base electrode to thermalize them. The Joule heating should not increase since most of the current will still
go through the less resistive layer. If the scattering layer is too resistive, the electrons will not be able to
diffuse through the layer and interact with the base electrode electrons. As stated earlier, the transit time
for an electron to diffuse across a film is given by τtransit = t
2/D. Even at 1000 Ω per square, the transit
time is about 10 ps. Therefore, this time is much faster than all of the other relevant times and will not be
included.
Al-Mn 





Figure 6.2: Diagram of an NIS refrigerator with a resistive scattering layer underneath the normal metal
electrode. The scattering layer increases the electron-electron scattering, allowing the electrons in the normal
metal to thermalize.
To see how all of the electron-electron scattering times and the tunneling times compare, we can
plot these times for our device versus the scattering electrode resistance at various temperatures, as shown
in figure 6.3. The figure shows that for a device with a 50 nm base electrode with a sheet resistance of
about 1 Ω per square and a specific resistance of 2000 Ωµm2, the electron-electron scattering time is smaller
than the tunneling time at 100 mK and 50 mK. However, at 15 mK, the tunneling rate is faster than the
scattering rate and therefore, the electrons may be in an athermal distribution since they tunnel faster than
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Figure 6.3: Electron-electron scattering and tunneling times versus base electrode sheet resistance for an
NIS junction with a 50 nm base electrode and a 2000 Ωµm2 specific resistance at 100 mK, 50 mK, and
15 mK. The specific resistance for our devices is about 1 Ω per square. The electron-electron scattering
time is smaller than the tunneling time at 100 mK and 50 mK, but the two times are on the same order at
15 mK. Therefore, at low temperatures we might expect the device to behave athermally. However, if the
sheet resistance of the base electrode is increased to about 10 Ω per square with the addition of a scattering
layer, we will expect the device to behave thermally at all temperatures.
they can come into thermal equilibrium. However, if a scattering layer of about 10 Ω per square is added
under the base electrode, the figure shows that the electron-electron scattering rate is always faster than the
tunneling rate and therefore, the electrons should always be in a thermal distribution. This means that by
comparing devices with and without scattering layers, we should be able to determine whether a thermal
electron distribution is present in the base electrode of our devices.
6.2 Optimal Device Design
Following earlier experiments, to demonstrate cooling electrons from 100 mK, we wanted to cool a
small piece of a normal metal with two NIS refrigerators and measure the temperature with two small NIS
thermometers. To reach the lowest possible base temperature, devices must be carefully designed in order
to maximize the NIS cooling power and minimize the other parasitic power loads such as heating to due
quasiparticle back flow and the thermopower due to electron-phonon coupling. In previous work, optimal
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device parameters for cooling from 100 mK were determined to be 3 µm × 32 µm junctions with a refrigerator
RSP of 1200 Ωµm
2, a counter electrode thickness of 10 µm, an overlayer RSP of 1 Ωµm
2, and a normal
metal thickness of 25 nm [67]. While this combination would provide excellent cooling, we are unable to
make a device with all these characteristics. Realistically, the thickest metal that we can sputter deposit
with our deposition system is 500 nm, and the thinnest oxide layer that can reliably be produced is about
30 to 60 Ωµm2. Using the 3 µm × 32 µm junction geometry to minimize the Joule heating, we can use
the β model to determine what device parameters will provide the greatest cooling in a realistic device. To
determine the device parameters, we set the counter electrode thickness to the maximum thickness, 500 nm
and β to 1.4 %, a value comparable to β from previous devices. We then swept over the normal metal
thickness and the refrigerator RSP to determine which values gave the maximal cooling. The results of this
calculation are shown in figure 6.4.
As figure 6.4 shows, there are multiple combinations of normal metal thickness and RSP that produce
the minimum temperature. However, these results all depend on a high value of Q for the devices. The
dependence of cooling power versus Q is shown in figure 6.5, where the cooling power of a 3 µm × 32 µm
junction at 100 mK is plotted against Q for various RSP s. Figure 6.5 clearly shows that in order to achieve
maximal cooling from a device, it must have a very high Q value, over 10,000. Previous measurements of
devices often reveal that devices with a higher RSP often have a higher Q. Therefore, to make a device
with maximal cooling, we choose to make a device with a base electrode thickness of 50 nm and an RSP
of 2000 Ωµm2 since we had experience making devices with these parameters and knew that they would
produce devices with high values of Q. Also, these values were chosen since we usually only get within 10 %
of the target oxidation and in this region of phase space, ± 10 % will produce good devices.
6.3 Device Fabrication
Devices were fabricated on a Si wafer with 150 nm of thermally grown SiO2 used to provide an
insulating layer from the semiconducting Si substrate. The scattering layer, an 18 nm thick film of AlMn
(12 at % Mn), was deposited by DC magnetron sputtering. This produced a film with a sheet resistance



























Figure 6.4: Calculated base temperature of a 100 mK cooler for various RSP and dn. Note that there are
multiple combinations of RSP and dn that produce the minimum electron base temperature.















RSP = 1000 Ωµm2
RSP = 1500 Ωµm2
RSP = 2000 Ωµm2
Figure 6.5: NIS cooling power versus Q for various RSP s at TN = TS = 100 mK. To achieve maximal cooling
power from the junction, the junction should have a Q value of at least Q = 10,000.
bath. The scattering layer was removed from half of the wafer so the wafer would produce identical devices
with and without the scattering layer to be able to test its effect on the thermal distribution of the electrons
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in the base electrode. The wafer was then ion milled to remove any surface contaminates and the normal
metal base electrode, 46 nm of AlMn (4000 ppm at % Mn), was deposited by DC magnetron sputtering.
The wafer was then patterned and etched in a heated acid bath. To protect the base electrode from future
processing steps, 150 nm of SiO2 was deposited by PECVD. The SiO2 was patterned and plasma etched to
form vias for the thermometer junctions. The thermometer junctions were formed by ion milling the wafer
to remove contaminates from the surface. The wafer was exposed to a linear ramp of O2 for 15 minutes to
50 Torr and was allowed to oxidize for 30 minutes to produce junctions with an RSP of 5900 Ωµm
2. The
thermometer junctions were completed by depositing 300 nm of aluminum without breaking vacuum, then
patterning and etching the wafer in a heated acid bath. To make the refrigerator junctions, the wafer was
patterned and vias were opened to form the refrigerator junctions. The wafer was ion milled, exposed to
2900 Torr s of O2, and 300 nm of aluminum was deposited to complete the refrigerator junctions to create
junctions with a RSP of 2200 Ωµm
2. The wafer was removed from the deposition system and rotated in a
shadow mask to produce test devices to measure the refrigerator and overlayer thicknesses, as described in
section 4.1.4. The wafer was then ion milled, exposed to 0.3 Torr s of O2 using the capacitor manometer
expansion technique, and 450 nm of AlMn (4000 ppm at % Mn) was deposited to form the quasiparticle
traps. The refrigerators were then completed by patterning and etching the wafer in a heated acid bath.
The wafer was then diced into 6 × 6 mm dies, with 3 refrigerator-thermometer pairs per die. A photograph
of a completed die is shown in figure 6.6.
6.4 RF Pickup
RF pickup can cause excess power loads in the junctions, which can have large effects on the their
cooling properties. At 100 mK, the cooling power of the devices is much smaller than at 300 mK and the
electron-phonon coupling is much weaker, so much more care must be made to reduce stray pickup than in
previous experiments. RF pick-up is reduced by filtering all of the measurement lines going to 50 mK, but
simple experiments showed that this is not enough. A quick and easy measurement of the temperature of
the normal metal can be performed by biasing the thermometer junction well below the gap and measuring










Figure 6.6: Photograph of the device ecool8. (a) Photograph of a complete 6 × 6 mm die on top of a
US penny for scale. (b) Photograph of the cooling experiment. The normal metal is cooled by the two
refrigerator junctions and the temperature is measured by the two thermometer junctions.
voltage across the junction. Therefore, to test if heating due to RF pick-up is present, we current biased the
thermometer junction and watched the voltage across it to see if it changed while we changed properties of
the cryostat. To be certain that the effect is just not a DC shift in the voltage, the current can be reversed
and the voltage difference between the two currents can be measured. This measurement is independent
of DC offsets and can be used to compare the temperature of the normal metal in two different cryostat
configurations.
The first thing that we noticed was that other equipment on the measurement rack was interfering with
the measurement. For example, the batteries that provided the low-noise voltage source were electrically
connected to a DC power supply used to charge the batteries. Even though the power supply was not
powered, and the batteries themselves were isolated from the power supply, we observed that this caused
a noticeable increase in the temperature of the normal-metal base electrode. We also observed that other
diagnostic equipment that measured the state of the cryostat, such as the voltage across the magnet, added
excess power to the base electrode. Using this knowledge, we were able to reduce the power load by turning
off all nonessential equipment for the measurement and disconnecting the DC power supply from the voltage
source.
Next, we decided to check for ground loops in the cryostat. We noticed that by grounding the cryostat
in different places, we could change the temperature of the base electrode. In fact, different grounding
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configurations could change the temperature that the RuOx thermometer measured, which was unacceptable
since neither temperature measurement could be trusted. To fix this problem, we started by looking at the
electrical cables. All of the electrical cables that went from our electronics rack to the cryostat were made
using shielded cables. We decided to increase the shielding by placing the cables in a braided copper sheath
and noticed that it stabilized the thermometer readings in the cryostat, allowing us to make measurements,
but also noticed that it lowered the temperature of the normal metal.
Since we determined that ground loops could affect the temperature of the electrons in the normal
metal, we began to investigate if stray RF signals were affecting our experiment. We examined cables in
the experiment and found that our double shielded coaxial cables were not providing enough RF shielding.
Even though there was a galvanic connection between the two ground sides of the cable, we found that the
temperature could be reduced by replacing the cables. We hypothesize that the ground shield’s connection
to the ground side of the cable connector was weakened from many years of connecting and removing the
cable. Upon this discovery, we replaced every cable in the experiment and placed all unshielded wires, such
as power cables to amplifiers, in braided copper sheaths, which reduced the RF pickup in the experiment.
Finally, we wanted to make sure that RF was not coming through the cryostat wall itself. We first
tested this by measuring the temperature of the base electrode with the lights on and off in the lab. We
noticed that this caused a measurable difference, and since the lighting was not electrically connected to the
measurement setup, RF must have been getting through the cryostat. The vacuum seals were not sealed
with an RF blocker, such as Spira, so we covered every vacuum seam on the cryostat with aluminum tape
and noticed a reduction of the base electrode temperature. To fix this problem on future cool downs, we
covered every seam on the sample box and the 4 K radiation shield with aluminum tape. With the addition
of the tape, the lights in the lab no longer affected the base electrode temperature, which suggests that we
dramatically reduced the RF pickup in our experiment. The effects of the improvements to our measurement
setup can be demonstrated with the following example. Before we made the improvements, we measured
an IV curve of a thermometer junction at cryostat temperature of 80 mK. The signal was very noisy but
we were able to infer an NIS temperature of about 120 mK. After the improvements, we performed the
same measurement with the same junctions and inferred an NIS temperature of 86 mK. This measurement
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demonstrates that our improvements significantly reduced the RF pickup in the experiment and we felt
confident that we could begin to measure our devices.
6.5 Measurements and Results
The cooling properties of a pair of devices with and without the scattering layer were measured
in the cryostat. The temperature of the electrons in the cooled base electrode were measured from the IV
characteristics of the refrigerator junctions and by the thermometer junctions to see how the two temperatures
compared. The devices were measured in an ADR with a base temperature of about 60 mK. The refrigerators
were current biased using a low-noise voltage source in series with a 10 kΩ resistor to bias the refrigerators
and a 1 MΩ resistor to bias the thermometers. The devices were characterized, measured, and analyzed as
described in section 4.2.
The results of the comparison between the two devices are shown in figure 6.7, where the electron
temperature in the normal metal is plotted versus the ADR bath temperature for the device without the
scattering layer, in subfigure a, and for the device with the scattering layer, in subfigure b. The first
metric to determine how well the devices performed is to compare the temperature measurements of the
uncooled thermometer junctions to the ADR temperature. Perfect agreement between the two temperatures
is represented by the black line. As figure 6.8 shows, the uncooled thermometer junctions, represented
by the red X’s, agree with the ADR temperature from 60 mK to 600 mK. This is an improvement over
previous devices in this temperature range [68] and shows that we were successful in reducing RF pick up
in the experiment. Since the thermometer junctions in both experiments track the ADR temperature, this
shows that both devices are under similar parastic power loads, and we can compare the two experiments
with each other. As figure 6.7 a shows, the measured temperature reduction is the same in the refrigerator
and thermometer junctions for temperatures higher than about 250 mK, but at lower temperatures, the
two temperatures start to deviate. This deviation occurs at a much higher temperature than the theory of
section 6.1 predicts. The theory also predicts that if this effect is due to an athermal distribution of electrons,
adding a extra scattering layer should reduce this effect. However, as figure 6.7 b shows, the cooling results
of the device with the scattering layer are almost identical to the results of the experiment without the extra
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layer. Therefore, this experiment shows that if the athermal effect is present in our devices, the signal is
dominated by other effects or that the scattering layer does not thermalize the electrons in the base electrode.










































Figure 6.7: Results of the cooling experiments for the devices (a) without and (b) with a scattering layer.
As the data show, both devices produce similar results contrary to our theory. Therefore, if the athermal
effect is present in our devices, the signal is dominated by other effects. It is also possible that the athermal
effect is present but the scattering layer does not thermalize the electrons in the base electrode.
Even though these devices did not show evidence of an athermal electron distribution in the normal
metal, we can still examine the cooling properties of the devices. Since the devices are very similar, the
following discussion will only refer to the device without the scattering layer. When the normal metal is
cooled by the refrigerator junctions, the measured temperature reduction in the normal metal measured
with the thermometer junctions is shown as the green diamonds. As green the data show, we measure
a temperature reduction from 100 mK to 48 mK and from 150 mK to 55 mK, which is an improvement
over previous devices [68]. When the electron temperature is measured using the refrigerator junctions,
we observe a temperature reduction from 100 mK to 26 mK. The results of this cooling experiment were
published in [51].
One possible explanation of the difference in the measured temperature is due to residual stray power
being deposited into the normal metal. As shown in figure 6.8, a plot of the data from the cooling experiment
from the device with no scattering layer, the temperature of the uncooled NIS thermometers starts to deviate
from the ADR temperature. The amount of power required to provide the observed temperature can be
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calculated using the β model and corresponds to about 40 fW. Using the β model with our measured device
parameters, a β value of 1.4 %, and 40 fW of stray power, we calculate the expected cooling as shown by the
solid blue line, which is in agreement with our data. The thermometer data can be explained by adding an
additional 1.4 pW of stray power to the model, as shown by the dashed green line. However, this additional
power is much more than the 40 fW of stray power that we inferred from the uncooled thermometer junctions.






















Figure 6.8: Results of the cooling experiment plotted with theory from the β model. The temperature
measured by the thermometer junctions is in good agreement with the measured cryostat temperature, as
represented by the black line. The cooled electrons in the refrigerator junctions, the blue circles, are in good
agreement the predictions of the β model, using the measured device parameters, β = 0.014, and 40 fW of
stray power, represented by the blue line. The cooled electron temperature in the normal metal measured
by independent thermometers, represented by the green diamonds, is in agreement with the same model as
the blue curve, but with an additional 1.4 pW of stray power, as represented by the dashed green line.
Another explanation of an excess power load could come from how the measurement is taken. The
cooling of the electrons in the refrigerator junctions is measured by a four-wire measurement of the junctions
while having the leads to the thermometer junctions shorted to ground. When the cooling of the electrons is
measured by the thermometer junctions, the four-wire measurement is made on the thermometer junctions
and there are 2 DC measurement wires connected to the refrigerator junctions. Fundamentally, these are
two different measurement circuits and it is possible that RF can couple to the circuit differently or that the
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current from biasing the refrigerator junction interferes with the measurements of the thermometer junctions.
This could be determined by measuring both the refrigerator and thermometer junctions with both connected
to the measurement circuit at the same time. Unfortunately, we do not have the electronics to make this
measurement. An alternative method to determine if the temperature discrepancy is caused by the difference
in measurement circuits would be to perform the same four wire measurement of the refrigerator junction
with the attached thermometer junctions connected to the bias circuit and ground. The difference between
these two IV curves would provide information of how altering the measurement circuit affects the IV curves
of the thermometer. Unfortunately, these measurements have not been performed, but they will allow a
method to investigate this discrepancy further.
6.6 Increased β Due to Substrate Heating
In addition to improving refrigerator performance by reducing RF pick-up, we wanted to investigate
if we could improve refrigerator performance by reducing the amount of power deposited into the supercon-
ductor returning into the normal metal. When an NIS junction is used as a refrigerator, work is required to
transfer heat from the normal metal into the superconductor. This energy is deposited into the superconduc-
tor and a fraction of this energy can return to the normal metal. This process is modeled as the βPS term
in the β model, and reducing β can greatly improve refrigerator performance. We hypothesized that power
deposited into the superconductor could heat the silicon substrate and affect the performance of the refrig-
erator. To test this theory, we made devices similar to the previous electron refrigerators but with an extra
isolated thermometer that is 1 µm away from the previous thermometer, as shown in figure 6.9. Therefore,
this thermometer will be able to measure the temperature of the substrate close to the first thermometer and
we can tell if the power deposited into the superconductor is heating the substrate. Devices were made using
a similar fabrication process. Due to differences in fabrication, the devices had a base electrode thickness of
30 nm and a specific resistance of 2200 Ωµm2, which is similar enough for comparison with previous devices.
To determine if biasing the refrigerator junction was heating the substrate, we first needed to determine







Figure 6.9: Photograph of the ecool8 device with an additional substrate thermometer that is not electri-
cally connected to the normal metal being cooled by the NIS junctions. This device allows us to measure
the temperature of the substrate 1 µm away from the thermometer junctions to determine if biasing the
refrigerator junction is heating the substrate and can account for an additional power load.
















































Figure 6.10: Measurements of the normal metal and substrate temperature versus refrigerator bias. (a)
Measured voltage across the normal metal thermometer biased at 1 nA versus refrigerator bias. As the data
show, biasing the refrigerator increases the voltage across the thermometer junction, which corresponds to
a colder temperature. The bias which produces the maximal cooling is marked with a red X. (b) Measured
voltage across the substrate thermometer biased at 1 nA versus refrigerator bias. The values of the optimal
current bias from plot (a) are also marked as red X’s. As the data shows, for temperatures higher than 200
mK, the refrigerator bias has no effect on the substrate temperature. At lower temperatures, refrigerator
biases greater than 1 µA can begin to raise the substrate temperature. However, the optimal bias at these
temperatures occurs at a much smaller value of current bias, where the substrate temperature is constant
with refrigerator bias. Therefore, current biasing the refrigerator at its optimal value does not raise the
temperature of the substrate.
and measuring the voltage across the device. This allowed us to measure the temperature of the normal
metal. To cool the normal metal, we supplied a current bias to the refrigerator, and as it was varied, the
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voltage across the thermometer would change. A greater voltage corresponded to a lower temperature, as
predicted by BCS theory. The results of this measurement are shown in figure 6.10 a. As the figure shows,
there is an optimal bias at which the temperature of the normal metal is at the lowest temperature, as shown
by the red X’s. To determine if biasing the refrigerator affected the substrate temperature, we could perform
the same measurement with the thermometer that was not electrically connected to the refrigerator junctions,
which would provide a measurement of the local substrate temperature. The results of this experiment are
shown in figure 6.10 b, with the same optimal bias currents as in figure a shown as red X’s. As the figure
shows, the temperature measured by the substrate thermometer is unaffected by the refrigerator bias for
temperatures greater than 200 mK. At lower temperatures, bias currents greater than 1 µA can heat the
substrate. However, at these temperatures, the optimal bias is much less than 1 µA, and the refrigerator bias
does not affect the substrate temperature. Therefore, these data show that the temperature of the substrate
was not measurably affected by the operation of the refrigerator junctions at cooling biases, but that the
refrigerator junctions could heat the substrate at biases much higher than the refrigerator biases, as expected.
Another test was performed by taking IV curves of the thermometer junctions while the refrigerator junctions
were unbiased and biased at the recorded optimal bias current. The temperatures inferred from the IV curves
were identical. Therefore, these measurements suggest that the heat rejected from the refrigerator junctions
is not large enough to heat the substrate when they are optimally biased.
6.7 Discussion
With our improved electron refrigerators, we have demonstrated cooling electrons in separate ther-
mometer junctions from 100 mK to 48 mK and from 150 mK to 55 mK, which is an improvement over
previous devices and are a promising step towards building phonon coolers designed to cool from 100 mK.
While there is a temperature discrepancy between the electron temperature measured by the refrigerator
and thermometer junctions, by improving the RF shielding in our experiment, we were able to reduce this
discrepancy from about 50 mK measured in previous work [68] to 22 mK. Additionally, by reducing the RF
pickup in the cryostat, we demonstrated that our thermometer junctions could be used as accurate ther-
mometers at lower temperatures than previously demonstrated. While we were not able to determine the
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cause of the temperature discrepancy between the thermometer and refrigerator junctions, we were able to
determine that if an athermal electron distribution is present in our devices, it is dominated by other effects
or that the resistive scattering layer does not behave as we expect it to behave. We have also determined
that we can model the discrepancy between the two measured temperatures as an excess power load.
Chapter 7
Cooling Phonons from 300 mK
In previous work, we have demonstrated the refrigeration of electrons from 300 mK to 100 mK using
NIS junctions. These junctions can be attached to a membrane in order to cool small objects such as
lithographically integrated detectors. While integrating the detector with the membrane provides the best
performance, device integration is not always desirable since it increases the complexity and requires the
compatibility of fabrication processes. An alternative approach to NIS refrigeration is to design a refrigerator
that can cool arbitrary, user-supplied objects. In this chapter, we present devices that are designed to
accomplish such a task.
7.1 Design
In order to develop a refrigerator that is powered by NIS junctions, we must be able to make a system
where the parasitic power loads due to the environment are smaller than the cooling power due to the NIS
junctions. Models of previous devices indicate that when the refrigerators are at a bath temperature of about
300 mK, they can provide hundreds of picowatts of cooling power at 100 mK. Therefore, to demonstrate
cooling of an arbitrary object, we must design a system that has under 100 pW of parasitic power loads when
it is at a temperature of 100 mK surrounded by a 300 mK environment. Based on the work of Roach [81],
this can be accomplished by suspending a copper plate from Kevlar strands. Kevlar is chosen because it
has a high mechanical strength and low thermal conductivity at cryogenic temperatures. Therefore, an
apparatus based on this design will allow a copper plate to be cooled by NIS junctions since it is strongly
thermally isolated from the environment. A prototype design of the Kelvar suspension is shown in figure 7.1.
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As the figure shows, a 2.54 cm × 2.54 cm copper stage is supported by Kevlar strands to minimize the
thermal conductivity to the environment. In order to provide useful refrigeration, objects on the cold stage
must be able to be electrically probed which requires measurement wires. To minimize the thermal load
on the stage, we are required to use a wire with a small thermal conductivity. The thermal conductivity
of a normal metal is too large, so we must use superconducting wires. Heat conduction occurs through the
quasiparticles in a superconductor, so to minimize the thermal conductivity, the quasiparticle occupation
must be reduced. This can be achieved by using a superconductor with a TC much greater than the bath
temperature of 300 mK. However, heat can still be transferred through the phonons of a superconductor.
The phonon thermal conductivity is reduced by using an alloy since impurities reduce the phonon mean free
path. According to Pobell [73], the electrically conductive material with the smallest thermal conductivity
at 300 mK is NbTi. Therefore, we decided to make electrical connections with pure NbTi wires. Black
body radiation from the surrounding cryostat is minimized by placing a radiation shield around the support
structure at 300 mK. The radiation shield is not shown in figure 7.1 since it obstructs the view of the internal
components.
To determine if the support structure provides sufficient thermal isolation to the cold stage from the
rest of the cryostat, we can begin to model its thermal properties. The temperature of the stage can be
determined through a zero dimensional power balance equation containing all of the power loads on the
stage,
0 = PKevlar + PNbTi + Pradiation − PNIS , (7.1)
where PKevlar is the power load due to the Kevlar strands, PNbTi is the power load due to the NbTi
measurement wires, Pradiation is the power load due to black body radiation, and PNIS is the cooling power
of the NIS junctions. Since each of these power loads is dependent on the temperature of the stage, the
equilibrium temperature is the temperature that balances all of the power terms.
The diameters of the Kevlars strands and the measurement wires are much smaller than their length,
so they can be modeled as 1-D homogeneous materials. When the power between the environment and the










Figure 7.1: Photograph of the prototype thermally isolated stage. The triangular symmetry of the system
was chosen to so that the cold copper plate, shown in the center, could be supported by four Kevlar strands
and allowed longer strands, which provide maximal thermal isolation. Electrical connections to the cold
stage are made using 0.04 mm NbTi wires.





κ(T ) dT, (7.2)
where P is the power load, A is the cross-sectional area, x is the length, T1 and T2 are the temperatures
at the endpoints, and κ is the thermal conductivity. Equation 7.2 shows us that the power load due to
the Kevlar and NbTi wires can be minimized by either increasing their length or decreasing their cross-
sectional area. A triangular support structure was chosen because it allows us to support the stage with
only four strands of Kevlar and allows us to maximize the length of each strand, which minimizes the
thermal conductance. The Kevlar strands were chosen to be 5 cm long since a structure with longer strands
would not fit inside of our cryostat. To further minimize the thermal conductance of the Kevlar strands,
we used the thinnest commercially available stranded Kevlar, made of 70 filaments each with a diameter of
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0.017 mm. We can model the power load due to the Kevlar using the measured thermal conductivity of
Kevlar, κKevlar = 3.9 × 10−5 × T 1.71 W/(cm K), from Ventura et al. [98]. In order to make electrical
connections to the stage, we needed to use the longest pieces of the thinnest NbTi wire available. The size
of the support structure allowed us to use 5 cm long wires and we were able to find commercially available
insulated pure NbTi wire with a diameter of 0.04 mm. We can model the power loads due to these wires
using the measured thermal conductivity of pure NbTi wire, κNbTi = 0.15 × 10−3× T 2.0 W/(cm K) , from
Olson et al. [66]. The radiative power on the stage can be calculated from the Stefan-Boltzmann law,
P = AσT 4, (7.3)
where  is the emissivity, σ is the Stefan-Boltzmann constant, 5.67 × 10−8 W/(m2 K4), A is the surface area,
and T is the temperature of the enclosure surrounding the stage. Our stage has a surface area of 32 cm2.
Unfortunately, there are few measurements of the emissivity of copper at sub-Kelvin temperatures, but we
can conservatively estimate the emissivity of copper to be 0.1 [61]. However, even if the emissivity of Cu
is 1, the radiative power loads would be more than an order of magnitude less than the power loads due to
the Kevlar and the NbTi wires.
The results of our model are shown in figure 7.2 a, where the yellow dashed line is the power load due
to the Kevlar, the teal dashed line is the power load due to the NbTi wires, and the green dashed line is the
power load due to the black body radiation. The sum of these three power loads is shown as the solid red
line. To find the base temperature of the cold plate, we assume that it was cooled by 16 of our most recent
electron coolers [68]. The cooling power was calculated using the β model and is shown as the solid black
line. Finally, the solid blue line represents the total cooling power, the cooling power minus the parasitic
power, of the stage cooler. Therefore, according to the figure, the stage should be able to cool from 300 mK
to about 100 mK using 16 of our current electron coolers.
While our NIS junctions have enough cooling power to cool the stage, it also important to calculate
the time required for the refrigerator to reach its base temperature. In order to perform this experiment,
the time required to reach the base temperature must be less than the hold time of our cryostat, which at
300 mK is about two days. The time required to cool down the stage can be determined using the heat
132














Temperature of the Cold Stage (mK)
(a)

































Figure 7.2: Results of the suspended stage model. (a) The power loads on the suspended stage versus
temperature. The power load from 300 mK black body radiation is shown as the green dashed line, the
power load from the NbTi measurement wires is shown as the teal dashed line, and the power load from the
Kevlar is shown as the yellow dashed line. The total parasitic power load is represented by the solid red line.
We assumed that the stage would be cooled by 16 junctions, whos cooling power is shown as the solid black
line. The total cooling power of the refrigerator is shown as the thick blue line. This model shows that with
our current junctions, we should be able to cool the copper plate from 300 mK to about 100 mK. (b) The
time to cool the copper plate from 300 mK to base temperature versus the total NIS junction area. Using





= PNIS(T ) + Pload(T ), (7.4)





where γ is a material specific constant, m is the mass of the object, T is the temperature, and Z is the molar
mass. From Kittel, γ = 0.695 × 10−3 J/(mol K2) [41], we assume a stage mass of m = 25 g, and the molar
mass of copper is Z = 63.546 g/mol. Using these numbers, we can calculate the time required to cool down
the copper stage as shown in figure 7.2 b. As the figure shows, the time required to cool down the stage
with 16 junctions that have a total area of 3600 µm2 is about 500 minutes, which is less than the hold time
of the cryostat. Therefore, our cryostat should be able to produce a 300 mK bath temperature for a long
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enough period of time to cool the stage to its base temperature. The design and modeling of our suspended
stage was published in [49].
7.2 Wirebonding to Membranes
Now that we have calculated that we can use NIS junctions to cool a separate cold stage, we must
determine how the cooling power can be coupled from the membrane to the cold stage; a thermal link between
the two objects is required. A simple way to achieve this would be to attach an object connecting the stage
and membrane using an adhesive like epoxy. This method was used by Clark et al. to cool a bulk NTD
thermometer by attaching it to their membrane [16]. They found that it was hard to control the location
of where the epoxy was placed since it was a viscous liquid. It was also hard to immobilize the object for a
long enough time for the epoxy to cure. Another problem with this method is that we require a thermal link
with a large thermal conductance. In order to prevent electrically shorting the devices together, we must use
a non-electrically conducting adhesive. In the adhesive, heat transfer would occur through phonons instead
of electrons, leading to a poor thermal conductance. Since we need the thermal link to have a high thermal
conductance, an alternative method to using an adhesive is desirable. One such method is using a 25 µm
diameter gold wirebond attached to the membrane using a wirebonder. A wirebonder is a machine that
can ultrasonically bond a small wire to a pad. However, this method requires the wirebonder push on the
surface with a force of 0.2 N, which could destroy a membrane. The advantage of using a wirebonder is that
it allows us to place a Au wire with a high thermal conductance in a specific location with a relatively small
foot print. From experimentation, we found that we could easily wirebond to pads that were 250 µm on a
side, which is small enough to place on a membrane. To determine if wire bonding is a reasonable alternative
to epoxy, we must determine if a wirebond has a high enough thermal conductivity to be able to couple the
cooling power of the NIS junctions to the stage. The thermal conductivity of an object can be calculated
from its resistance using the Wiedemann-Franz law [41],
κ = LTσ, (7.6)
where κ is the thermal conductivity, T is the temperature, σ is the electrical conductivity, and L is the Lorenz
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number which is equal to 2.44 × 10−8 WΩK−2. Once we have calculated the thermal conductivity of the
wirebond, we can use Fourier’s Law, equation 7.2, to determine the temperature gradient across the wire due
to a power load. We have measured the room temperature conductivity of a 25 µm diameter gold wirebond
to be 4.5 ×107 Ω−1m−1 and the residual-resistance ratio (RRR) at 4 K to be about 20. To determine if
a single gold wirebond provides a sufficient thermal link, we can calculate the temperature gradient across
the gold wire assuming one end is at the temperature of the NIS junctions with a power load equal to the
parasitic power load of the stage. If we assume that one end of a 5 mm long wire is at 100 mK, a 100 pW
power load from the stage will cause a 0.5 mK temperature gradient across the wire. Therefore, a single
gold wirebond will provide a sufficient thermal link between the NIS junctions and the suspended stage.
Since we have determined that a single wirebond can provide a sufficient thermal conductance to
couple the cooling power from an NIS junction to the suspended stage, we needed to determine if it is
possible to wirebond to a membrane since the downward force required to make a wirebond could shatter
the fragile membrane. In order to allow the membrane to withstand the downward force from the bonding
process, we designed membranes with a silicon block on the back side that provided a rigid support. We
placed a gold bond pad on top of the silicon block which provided a surface to bond wires. As discussed
in chapter 3, the refrigerator performance is increased by preventing hot phonons from the substrate from
entering the membrane, which is accomplished by reducing the thickness of the SiNx membrane. Therefore,
we wanted to determine the thinnest membrane to which we could bond. Devices were made with 125 nm
and 250 nm SiNx membranes. In previous experiments, it was demonstrated that the cooling properties of
the membrane could be significantly improved by perforating the membrane to minimize the thermal load
from the substrate due to phonons. Ideally, one would want a membrane that was supported by legs, where
each leg was cooled by NIS junctions to minimize the thermal load. However, this heavy perforation makes
the membrane structurally weaker. Therefore, we decided to make many different styles of membranes to
test if they could withstand the process of wirebonding.
The test devices were fabricated on two 76.2 mm silicon wafers with 120 nm of thermally deposited
SiO2. The membranes were formed by depositing 125 nm and 250 nm of low stress SiNx. Next, the bond
pads were formed by depositing 300 nm of gold by e-beam deposition and patterning the metal using lift off
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techniques. The shape of each membrane was formed by patterning the wafer and etching using a plasma
etch. The membranes were relieved by etching away the silicon with a DRIE. This allowed us to fabricate a
chip with many different styles of membranes that we could use to test the wirebonding process.
We first tried bonding to a large unperforated membrane since it was the most structurally robust
device. We started by trying to bond a wire to a 1.8 × 1.8 mm solid membrane as shown in figure 7.3.
The silicon block allowed the membrane to withstand the downward force of the wirebonder as planned.
The membrane was robust enough to survive the ultrasonic force from the bonding process and the upward
pulling force caused from moving the bonder tip away from the surface.
Figure 7.3: Photograph of wirebonding to a solid membrane with a silicon block. The silicon block allows
the membrane to withstand the downward pressure from the wirebonder without breaking.
Once we demonstrated that it was possible to bond a wire to a membrane, we attempted the process
on a perforated membrane. We tried to bond to a membrane with meandering legs that could act like a
spring to help absorb the force from the bonding process, as shown in figure 7.4. While we were able to
bond to the membrane, it was rather difficult since the silicon block could move during the bonding process.
Another difficulty arose once the bond was made. Once we moved the bonding tip away from the bond pad,
the membrane would move with the tip and would sometimes break. Because of these issues, we decided to
look at a simpler membrane design.
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Figure 7.4: Photograph of wirebonding to a membrane with meandering legs. While the legs provide thermal
isolation, the membrane can move around since the legs act as springs. Therefore, this geometry is undesirable
for a phonon cooler.
The next style of membrane we examined was a central square that was supported with four legs, like
the shape of an ‘H’. However, when we tried to bond to the membrane, it would shatter during the ultrasonic
process of the bond. We hypothesize that this occurs because the membrane was only under tension in one
direction and a movement in the unsupported direction could break the membrane. To fix this problem, we
designed membranes consisting of a central square supported by eight legs, like the shape of a ‘#’ symbol.
This provides the heavy perforation that was required to minimize the thermal load from the substrate while
also providing mechanical support in both directions. We were able to bond a wire to these membranes, as
shown in figure 7.5.
These membranes were heavily perforated to prevent extra thermal conductivity from phonon con-
duction but were also robust enough to withstand the bonding process. Therefore, we decided to use this
shape of membrane. The size of the membrane was chosen due to fabrication constraints. We needed the
gold bond pad to be 250 × 250 µm in order to make bonds. We also needed at least a 200 µm trench
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Figure 7.5: Photograph of wirebonding to an array of membranes. The style of membrane shown in the
figure provides maximal thermal isolation while providing a robust enough membrane on which to make
wirebonds. This style of membrane was chosen for our device. We made membranes with different leg
lengths and widths and determined that a membrane with 60 µm long and 20 µm wide legs was the most
robust.
between the silicon block and the substrate in order for the DRIE to be able to etch the device. Therefore,
these fabrication constraints placed a minimum bound on the overall size of the membrane. Next, we needed
to determine the leg width and length which produced the most robust membrane. In order to test which
values produced the best results, we made an array of devices with leg widths and lengths from 20 to 80 µm
in 20 µm steps. We wanted to choose the style of device that had the most mechanical yield and most
reliably withstood the bonding process. Through testing, we found that the width of the leg did not have
a noticeable effect on the bonding process. We decided to use a 20 µm wide leg because in previous work,
we characterized the cooling properties of a refrigerator that was 20 µm wide and we wanted to use these
devices to cool the membrane. A leg width that was the same as the refrigerator would provide the smallest
parasitic thermal load since the entire width of the leg would be cooled. We found that we had the best
results with a 60 µm long leg and decided to use this length.
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Once we determined that we could wirebond to a membrane, we used our thermal model to design
a device to refrigerate the suspended stage. The device was modeled using a pair of our previous NIS
refrigerator junctions designed to cool from 300 mK to 100 mK since we had experience fabricating the
devices and they had been extensively characterized. The design of the device was performed in parallel
with the model developed in chapter 3. Using a limited model, we designed a device with the parameters
shown in table 7.1 instead of a device with the optimal parameters discussed in chapter 3. A schematic of
the cross sectional view of the device is shown in figure 7.6.
As figure 7.6 shows, the AlMn base electrode of the junction is extended onto the membrane to form
a cold finger. After 10 µm, the cold finger is covered with 150 nm of Cu and then 100 nm of Au which
extends to the bond pad to increase the thermal conductivity of the cold finger. The Cu layer is required
between the AlMn and Au to prevent an electrochemical reaction between the two layers. We placed a 2 µm
gap between the cold fingers and the bond pad to electrically isolate the payload from the junctions. As
discussed in chapter 3, this does not affect the thermal properties of the device since the gap occurs over
the Si block, which provides enough thermal conductivity due to the phonons to transfer the heat across
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SiO2 120 nm 
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Figure 7.6: Schematic of a cross-sectional view of the device. Heat is removed from the membrane by the
NIS junctions, as shown by the red line.
this region. Since there were eight cold fingers, one from each pair of junctions, we also placed a 2 µm gap
between the different cold fingers to prevent electrically shorting the junctions together.
To measure the temperature of the membrane, we placed a pair of NIS thermometer junctions above
the bond pad on the Si block which were electrically isolated from all of the other devices. These junctions
had a large base electrode to prevent measurement errors due to self cooling. Since they were in strong
thermal contact with the phonon system of the membrane and electrically isolated from the rest of the
circuit, the thermometer junctions can be used to measure the temperature of the phonon system of the
membrane. To determine the cooling power of the device, we also placed a 33 Ω resistor on the membrane
over the Si block so we could deposit a known amount of power on the membrane.
The thermal model shows that if the Si substrate is extended on to the membrane past the NIS junc-
tions, it provides an extra heat load on the membrane due to the hot phonons in the substrate. Conversely,
if the Si is etched away from underneath the NIS junction, the performance of the refrigerator is decreased
since extra power is deposited into the membrane from the hot phonons in the superconducting layer of
the junction. Therefore, it is important to align the edge of the membrane with the NIS junctions. Due to
fabrication limitations, this is not a trivial task. The DRIE that etches through the Si can produce dramatic
over etching, as far as 20 µm. Therefore, extreme care must be put into the device design to prevent over
etching. The etch rate in the DRIE depends on local features, and to keep the local area as constant as
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possible, the shape of all of the etched locations was kept to a 200 µm wide trench. The etch rate also varies
radially across the wafer, with the center etching faster than the edges. Therefore, to account for the varying
etch rate, on each chip, devices were placed at the edge, 3 µm away from the edge, and 6 µm from away
from the edge of the membrane, creating a 3 µm and 6 µm longer dead length for the respective devices
to account for this over etching. This allows us to maximize the chance of producing a device where the
refrigerator is aligned with the edge of the membrane.
7.4 Device Fabrication
The steps required to make the devices can be broken down into: fabricating the base electrode,
creating the NIS junctions, forming the cold fingers, etching the front side of the membrane, and finally,
relieving the membranes. All of the layers were patterned with standard I-line lithography techniques. The
devices were fabricated on 76.2 mm Si wafers that were thermally oxidized to provide a 120 nm layer of SiO2.
This layer acts as an etch stop at the end of the process during the Si etch used to form the membrane.
We then deposited 250 nm of SiNx by low-pressure chemical-vapor deposition. The SiNx later forms the
suspended membrane. To form the normal-metal base electrode of the junctions, we deposited 30 nm of
Al doped with Mn to 4000 ppm (atomic concentration) by dc-sputtering. The base electrode was then
patterned and etched in a heated acid bath. To protect against shorts between this layer and the counter
electrode, we deposited 150 nm of SiO2 with plasma-enhanced chemical-vapor deposition. The locations
of the junctions were defined by plasma etching vias through the SiO2 layers to the AlMn base electrode.
Because the base electrode was exposed to atmospheric pressure, the wafer was ion-milled to remove any
surface contamination. Without breaking vacuum, the wafer was exposed to 12000 Pa s (90 Torr s) of oxygen
to form the insulating layer with a resistance area product of 1200 Ωµm2. While still under vacuum, 300 nm
of Al was dc-sputter-deposited on top of the oxide layer to form the superconducting counter electrode. Test
structures on the wafer were measured to verify the resistance area product. However, after the wafer was
completed, we measured that the resistance area product increased to 1700 Ωµm2. We hypothesized that
this increase in resistance was caused by later fabrication processes and are investigating this further.
To increase the performance of the junctions, it is necessary to make a quasiparticle trap on top of the
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NIS refrigerator junctions because quasiparticles in the superconductor can heat the normal electrode. To
reduce this power load, the superconducting counter electrode was oxidized to form a thinner insulating layer
and capped with a normal metal layer that traps quasiparticles. Before oxidizing the superconductor, the
wafer was ion-milled to remove any surface contaminates. Without breaking vacuum, the second insulating
layer was formed by exposing the wafer to 5 Pa s (0.04 Torr s) of oxygen, which formed a barrier with a
resistance area product of 120 Ωµm2. A 500 nm AlMn normal-metal layer was then sputter deposited on
top of the insulating layer to complete the quasiparticle trap. The layers were then patterned and etched in
a heated acid bath.
Having completed the NIS refrigerator junctions, we fabricated the remaining circuitry on the front
side of the membranes. The first step was to fabricate the cold fingers that transfer the cooling from the
junctions to the membrane. This was accomplished by first removing the SiO2 layer over the membrane to
expose the AlMn base electrode. Next, the AlMn layer was patterned and etched with a heated acid bath to
form the cold fingers on the membrane. To increase the thermal conductivity of the cold fingers, we added a
150 nm thick layer of Cu and a 100 nm thick layer of Au on top of the AlMn with electron beam evaporation.
The Cu and Au layers were formed with standard lift-off techniques.
To form the membrane legs, we again patterned the wafer and etched through all of the layers of SiO2
and SiNx down to the bare Si substrate. Once we completed the outline of membrane, we were finished
processing the front of the wafer and could begin to process the back of the wafer to relieve the suspended
membranes. To access the bare Si, we etched through the SiO2 and SiNx layers on the back of the wafer
with a plasma etch. The back of the wafer was then patterned and the Si under the membranes was removed
with a DRIE. Since this step etched through the entire wafer, we also used this step to dice the wafer into
individual chips. A typical wafer yielded 30 chips each with 9 complete NIS refrigerators. Photographs of a
completed chip and a device are shown in figure 7.7.
7.5 Phonon Cooler Performance
The cooling properties of the devices were measured in an ADR with a base temperature of about













Figure 7.7: (a) Photograph of a pcool7 chip showing the back of the chip on the left and the front of
the chip on the right. The front side image shows nine refrigerator devices which look like gold squares.
Electrical connections are made to each device though the aluminum pads and the chip is heat sunk using the
rectangular gold bosses across the chip. The rear side image shows the silicon blocks used for wirebonding.
(b) Photograph of a single device. The membrane is cooled by the NIS junctions at the base of each leg,
shown in the inset. The cold fingers and the bond pad are highlighted. Above the wire bond pad on the
membrane is a pair of NIS thermometer junctions that can measure the temperature of the membrane and
a resistor that can deposit a known amount of power on the membrane.
The temperature of the cooled phonons on the membrane was measured using an NIS thermometer that
was located on top of the suspended silicon block. The thermometer junctions were current biased using
a low-noise voltage source in series with a 100 kΩ resistor. The devices were characterized, measured, and
analyzed as described in section 4.2.
The results of the cooling experiment are shown in figure 7.8, where the phonon temperature of the
membrane is plotted versus the ADR temperature of the cryostat. The black line in the figure represents
the membrane is in equilibrium with the ADR which signifies no heating or cooling. The green X’s are the
measured temperature of the membrane with the refrigerator junctions unbiased. The blue circles are the
measured maximum temperature reduction at the corresponding ADR temperature. As the data show, we
were able to cool the phonon system of the membrane from 300 mK to 154 mK, which is an improvement
over previous devices. It is important to note that the NIS thermometer is not electrically connected to the
NIS refrigerator junctions and is placed on the bulk silicon block at the center of the membrane. Therefore,
the measured temperature is the actual phonon temperature of the system and the data indicate that we
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Theory with 16 pW
Uncooled Thermometer
Cooled Thermometer
Figure 7.8: Results of the phonon cooling experiment, where the minimum temperature of the membrane
is plotted versus the cryostat temperature. The temperature of the uncooled membrane measured by the
thermometer junctions, represented by the green X’s, is in good agreement with the cryostat temperature,
represented by the black line. When the junctions were biased, we measured that the NIS refrigerators were
able to cool the phonons in the membrane from 300 mK to 154 mK, represented by the blue circles. The
predictions of our model calculated with the measured device parameters shown in table 7.2 are shown by
the dashed red line. The solid red line shows the model predictions with an additional 16 pW of stray power
deposited on the membrane, which is in good agreement with our measured data. The additional 16 pW of
stray power corresponds to 1 pW of stray power per junction, which is consistent with our measurements of
the 100 mK electron coolers.
were successful in cooling the phonon system of a bulk object. The dashed red line shows the predictions of
our model developed in chapter 3, calculated using the measured device parameters shown in table 7.2 and
the solid red line shows the same predictions with an additional stray power load of 16 pW. This corresponds
to 1 pW of stray power per refrigerator junction, which is consistent with the stray measurements of the
100 mK electron refrigerators. As the figure shows, the model is in agreement with our measurements.
In addition to measuring the temperature reduction of the membrane in our device, we were also able
to measure the cooling power of our refrigerator. The cooling power of the biased refrigerator junctions
was measured at a cryostat temperature of 293 mK by depositing a known amount of power through a
33 Ω heater resistor located on the silicon block using a low-noise voltage source. We then measured the
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Table 7.2: Measured device parameters used to model our devices. Due to over etching in the DRIE process
step, we chose to measure a device with a 16 µm long dead length to redeuce the NIS junction extending




















temperature of the membrane using the NIS thermometer junctions. We increased the power deposited
onto the membrane until we measured a temperature that was higher than the cryostat temperature, which
indicated that deposited power was larger than the amount of power that the refrigerators could remove.
The results of this measurement are shown in figure 7.9, where the temperature of the membrane is plotted
versus power deposited onto the membrane. As the figure shows, we measure that the device provides
about 100 pW of cooling power at 200 mK. This is an important result because based on our modeling of
the support structure, one device should be able to produce measurable cooling of the platform. It is also
important to note that this measured cooling power corresponds to one membrane, and additional cooling
power can be provided by simply adding more devices. The dashed red line shows the predicted cooling
power using the measured device parameters shown in table 7.2 and the solid red line shows the predictions
of our model with an additional stray power load of 16 pW. As the figure shows, the model predicts the
device should provide about a factor of two more cooling power than we observe. Similar measurements were
performed on multiple devices and produced similar results. Therefore, the discrepancy is not caused by an
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Figure 7.9: Results of the cooling power experiment, where the minimum temperature of the membrane is
plotted versus the power deposited on the membrane at a cryostat temperature of 293 mK. The dashed red
line shows the prediction of our model with the measured device parameters shown in table 7.2 and the
solid red line shows the prediction of our model with an additional 16 pW of stray power deposited onto the
membrane.
anomalous device. In the next section, we will discuss this discrepancy.
7.6 Discussion
While we were able to determine that our NIS refrigerators have sufficient cooling power to cool our
suspended stage, our model predicted that our devices would have almost twice the cooling power that we
measured. In this section, we will examine several effects to determine if they can explain this discrepancy.
7.6.1 Measuring the Thermal Conductance of the Structure
In order to better understand the cause of the discrepancy, we can try to examine a simpler measure-
ment and compare the results to our model. We can measure the thermal conductance of the structure by
depositing a known amount of power on the membrane and measuring the temperature of the membrane.
This allows us to remove the complexity of the NIS junctions and compare measurements to a simpler model.
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We performed this experiment on our device at 313 mK and the results are shown in figure 7.10, where the
temperature of the membrane is plotted versus power deposited on the membrane. The measured tempera-
ture of the membrane is shown as the blue circles, the predictions of the model are shown as the red dashed
line, and the predictions of the model with an additional stray power load of 16 pW are shown as the solid red
line. As the figure shows, the measurements of the thermal conductance of the structure disagree with the
model predictions by a factor of two, which is similar to the disagreement in the cooling power measurements.
Therefore, we can determine if the discrepancy is caused by the model incorrectly predicting the thermal
conductance of the structure by forcing the model to agree with the measured thermal conductance and use
this new value of the thermal conductance of the structure to predict the cooling power of the device.

























Theory with 16 pW
Membrane temperature
Figure 7.10: Results of the measurement of the thermal conductance of the structure, where the measured
temperature of the membrane is plotted versus the power deposited on the membrane at a cryostat tem-
perature of 313 mK. The dashed red line shows the predictions of our model with the measured device
parameters shown in table 7.2 and the solid red line shows the predictions of our model with an additional
16 pW of stray power deposited onto the membrane. Our model predicts that the thermal conductance
of the structure should be a factor of two higher than measured, which is consistent with the model over
predicting our observed cooling power by a factor of two.
Through numerical experimentation, we found that we could force the model to agree with the data by
increasing the dead length, the AlMn section on the membrane leg, by a factor of 5.5, from 16 µm to 88 µm.
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Figure 7.11: Results of modifying the theory to agree with the thermal conductance measurements. (a)
The measured temperature of the membrane versus power deposited on the membrane while the refrigerator
junction remain unbiased. The original model predictions are shown as the blue lines. The model was
modified by increasing the dead length by a factor of 5.5 to force the model to agree with the data. (b) The
measured temperature of the membrane versus power deposited on the membrane as it is being cooled by the
NIS junctions. The original model predictions are shown as the blue lines. The predictions of the modified
model with no stray power are shown as the dashed red line and the predictions of the modified model with
16 pW of stray power are shown as the solid red line. When the model is forced to use the observed thermal
conductance of the membrane, the theory is in agreement with the data.
The predictions of the model with an increased dead length are shown in figure 7.11 a. In this figure, the
measured temperature of the membrane is represented by the blue circles, the original model predictions are
represented as the blue lines, and the predictions of the model with a dead length increased by a factor of
5.5 are shown as the red lines. The predictions of the modified model are shown in figure 7.11 b as the red
lines. As the figure shows, by forcing the model to use the measured thermal conductance of the structure,
the model predicts the cooling power of our device. Now that the modified theory agrees with our cooling
power measurements, we must determine if the model is still in agreement with our measurements of the
cooling properties of the device. Figure 7.12 a shows the results of our phonon cooling experiment with
the predictions of our modified model with no stray power and with an additional 12 pW of stray power
deposited at the center of the membrane. The figure shows that the model makes similar predictions to
the unmodified model when no stray power is deposited onto the membrane and matches the data at low
temperatures when 12 pW of stray power is deposited at the center of the membrane, in comparison to
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Figure 7.12: Results of the phonon cooling and cooling power measurements compared to the modified model.
(a) Results of the phonon cooling experiment versus ADR temperature. The temperature of the uncooled
membrane is shown as the green X’s and the measured temperature of the cooled membrane is represented
as the blue circles. The predictions of the modified model with no additional stray power are shown as
the dash red line and the predictions of the modified model with an additional 12 pW of stray power are
shown as the solid red line. (b) The measured temperature of the membrane versus power deposited on the
membrane as it is being cooled by the NIS junctions. The predictions of the modified model with no stray
power are shown as the dashed red line and the predictions of the modified model with 12 pW of stray power
are shown as the solid red line. The modified model is in agreement with our device measurements.
16 pW in the original model. The predicted cooling power of the device using the modified model with a
stray power load of 12 pW is also in agreement with our measured results, as shown in figure 7.12 b. Since
our model is in good agreement with our measurements when we force our model to match the measured
thermal conductance of the structure, it seems likely that our discrepancy is caused by our model incorrectly
predicting the thermal conductance of the structure.
7.6.2 Lumped Element Model
Now that we have a hypothesis that our model is incorrectly predicting the thermal conductance of
the structure, we should determine if our model is accurately predicting the thermal conductance according
to the physics we are modeling. We can accomplish this by comparing our 1D thermal model to a zero
dimensional lumped element model. In the lumped element model, we can determine the temperature of
the membrane by determining the temperature gradient a given power causes across a thermal conductance.
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By placing all of the thermal conductances in series, we can determine the thermal gradient that a given
power load will cause across the entire structure. We can identify the physics that should cause the largest
temperature gradients by examining the path of the power flow from the center of the membrane to the bulk
silicon substrate. When the NIS junctions are not biased, the thermal path is:
1) Power is deposited into the silicon block through the heater resistor.
2) The phonons in the silicon block experience an acoustic mismatch at the membrane interface.
3) The phonons interact with the electrons in the membrane through the electron-phonon coupling.
4) The electrons transfer the heat across the membrane.
5) The electrons transfer heat to the phonons in the NIS junction base electrode.
6) The phonons in the NIS base electrode experience an acoustic mismatch at the substrate interface.
7) Power leaves the system through the substrate phonons.
We can determine the temperature gradient caused by a known power load by using the expressions
for the acoustic mismatch and electron-phonon coupling described in chapter 2 and Fourier’s law with the
electron thermal conductance for the membrane to create a lumped element power balance model. The
results of the model are shown in figure 7.13, where the measured thermal conductance of the structure is
shown as the blue circles, the predictions of the 1D model described in chapter 3 are shown as the red line,
and the predictions of our new lumped element model are shown as the blue line. As the figure shows, the
predictions of the lumped element model are consistent with the predictions of the 1D model. In fact, it is
interesting that they agree as well as they do since the lumped element model ignores spatial dependence
and parallel thermal conduction paths. However, the results of this calculation show that we are correctly
modeling the physics effects that we have included in our model. Therefore, it is likely that the discrepancy is
caused by physical effects that are not included in the model. In the next sections, we will discuss additional
physical effects that could explain this discrepancy.
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Figure 7.13: Comparison between the predictions of the thermal conductance of the structure from the
lumped element and 1D thermal models. The measured temperature of the membrane versus power deposited
at the center of the membrane is shown as the blue circles. The predictions of the 1D model developed in
chapter 3 are shown as the red line and the predictions of the lumped element model are shown as the blue
line. The predictions of the two models agree with each other, but neither model agrees with the data.
7.6.3 Localized Heating
To simplify the wiring to the membrane heater and thermometer, the two devices were placed about
20 µm apart on the silicon block, as shown in figure 7.7. Previously, we assumed that the thermal conductivity
of the bulk silicon was high enough to thermalize the entire block. However, due to the finite thermal
conductivity of the silicon, it is possible that the heater causes a local heating of the electron system in the
thermometer, causing the thermometer to read a higher temperature than the temperature at the center of
the silicon block, roughly 100 µm away. To determine if this heating can explain the discrepancy between
the data and the model, we made a 3D finite element model of the silicon block and the copper cold fingers
of the membrane. The power entered the phonon system of the silicon block through a heater, passed
through the silicon block, entered the electron system of the copper cold finger with a thermal impedance
equal to the electron-phonon coupling, and then exited through the copper cold fingers. We modeled the
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system using our measured device parameters and used the temperature dependent thermal conductivities
and electron-phonon coupling constants described in chapter 3. The 3D finite element model predicted that
the heater would not cause localized heating in the silicon block. Physically, we can understand this result
because the thermal conductivities of the silicon block and the copper cold fingers were much larger than the
thermal impedance caused by the electron-phonon coupling. This implies that we would expect relatively
constant temperatures in the silicon block and the copper cold finger with a temperature drop between the
silicon and copper interface. Therefore, it is unlikely that the discrepancy between our data and the model
is caused by the heater locally heating the silicon block.
7.6.4 Sensitivity of the Model to Input Parameters
To model our device, we need to know properties, such as the thickness and thermal conductivity, of
each layer. The thickness of each metal layer was measured using test structures, however, the thickness of
each layer can vary across the wafer. The resistivity of the AlMn was measured using test structures, but we
used values of the resistivity of the Cu layer and the thermal conductivity of the SiNx from other devices.
We can determine if changing these values can alter the predictions of the model enough to explain the
discrepancy between our model and our data. We used our model to calculate the predicted cooling power
of a device with an AlMn normal metal thickness, a Cu thermalization layer thickness, and a membrane
thickness that were each both 25 % thinner and 25 % thicker than our measured values. Since we measured
the resistivity of the AlMn, we calculated the effect of increasing and decreasing its resistivity by 25 %.
Since we did not measure the resistivity or the thermal conductivity of Cu or the SiNx, we increased and
decreased their thermal conductivity by a factor of 10. Varying the thickness and the thermal conductivity
of the AlMn and SiNx layers dramatically changed the base temperature that the device was able to reach
under zero power load, but did not affect the discrepancy at higher power loads. Since our model predicts the
base temperature that our device reaches under low power loads, it is unlikely that the thickness or thermal
conductivity of these layers is significantly different than the values that we are using in our model. Varying
the thickness of the Cu thermalization layer has little effect on the model predictions since its thermal
conductivity is so large. Reducing the thermal conductivity of the Cu layer created a larger temperature
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gradient across the membrane, which reduced the discrepancy between our model and our measurements.
However, in order for the model to agree with our measurements, we had to increase the resistivity of the
Cu by a factor of 100, which is an unreasonably large value. Therefore, altering the input parameters of our
model cannot explain the discrepancy between our model and measurements.
7.6.5 Ballistic Model for the Silicon Block
In our 1D model described in chapter 3, we assumed that the heat transfer occurs diffusively. However,
since the phonon mean free path is larger than the dimensions of the silicon block [106], we would expect
that the heat transfer in this region occurs through ballistic transport. To determine if treating the heat
transfer in the silicon block ballistically instead of diffusely can explain the discrepancy between our data
and model, we can develop a ballistic model to determine the temperature of the thermometer when power
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Figure 7.14: Schematic of the model of ballistic phonon transport in the silicon block. Phonons are emitted
and absorbed in the ports 1, 2, and 3. Port 1 represents the cold finger on the membrane, port 2 represents
the wire bond pad and the thermometer, and port 3 represents the heater. Each port has an area Ai and
temperature Ti. Port 1 is connected to a thermal bath at a temperature Tb through a thermal conductance
G, which represents the membrane. Power is deposited into the system through port 3.
We can model our silicon block as an optical cavity with three ports that is connected to a bath
temperature Tb through a thermal conductance G, as shown in figure 7.14. We assume that these three
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metal films are both sources and sinks for the phonons and that phonon scattering from the surface of
the silicon block is diffusive and lossless since the surfaces of the silicon block are rough from fabrication
processes. The first port is the metal cold finger from the membrane that extends onto the silicon block, the
second port is the thermometer and wirebond pad, and the third port is the heater where input power Pin
enters the system. The area of each port is denoted as Ai and the temperature each port is denoted as Ti.




where σ is the phononic Stephan-Boltzmann constant. We define Atot to be the total area of the films,
Atot ≡ A1 + A2 + A3, and Acav to be the surface area of the cavity. We define the function Flux(n) to be
the total power released into the cavity after the nth reflection of the phonon.






























We can now use the flux expression to determine the total power absorbed into port i after the nth reflection,
Pi,
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In the limit that n approaches infinity and using 1 + x+ x2 + · · · = 11−x for x < 1
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Now that we have determined the amount of power that is absorbed in each port, we can determine the














































Since we are interested in the steady-state solution, ∂T/∂t = 0. The phononic Stephan-Boltzmann constant












where vL and vT are the longitudinal and transverse sound velocities of the metal and eL, eT1, and eT2 are the
phonon emissivities of the metal for the longitudinal and the two transverse polarizations into the substrate.
We have calculated vL = 6363 m/s and vT = 3042 m/s for Al in section 3.2. The three emissivities of Al on
isotropic silicon have been calculated by Ro¨sch and Weis to be eL = 0.471, eT1 = 0.326, and eT2 = 0.326,
giving a phononic Stephan-Boltzmann constant σ = 210 W/m2 [82]. The predicted thermal conductance of
the membrane, G, can be determined from our diffusive model by applying a power law fit to the theory
curve shown in figure 7.10. Applying this fit, we determine that G = 6.1 × 10−8 W/K (T 3.9−T 3.9b ). Finally,
A1 = 6.4 × 10−9 m2, A2 = 4.7 × 10−8 m2, and A3 = 2.5 × 10−10 m2. The results of this model are shown
in figure 7.15, where the predicted thermal conductivity of the membrane from the 1D model is shown as
































Figure 7.15: Comparison between the predictions of the thermal conductance of the structure from the
ballistic and 1D thermal models. The measured temperature of the membrane versus power deposited at the
center of the membrane is shown as the red squares and the predictions of our 1D thermal model are shown
as the blue circles. The predicted temperature of T1 from the ballistic model is represented by the blue
line, and the predicted temperature of T2 from the ballistic model is shown as the green line. As the figure
shows, the predictions of the ballistic model are consistent with the predictions of the 1D thermal model. By
decreasing the value of the phononic Stephan-Boltzmann constant by a factor of 0.026, the ballistic model
predicts the structure will have the thermal conductance shown as the red line. While this prediction agrees
with our measurements, the required value for the phononic Stephan-Boltzmann constant is almost two
orders of magnitude smaller than theoretically predicted values.
temperature of T1 from the ballistic model is represented by the blue line, and the predicted temperature of
T2 from the ballistic model is shown as the green line. As the figure shows, the predictions of the membrane
temperature from the 1D model are in good agreement with the predictions from the ballistic model. This
is an important result because it provides a check of our new ballistic model. However, the model predicts
that the temperature of the thermometer junction, T2, is almost identical to the temperature of the cold
finger for our calculated value of the phononic Stephan-Boltzmann constant. Since the value of the phononic
Stephan-Boltzmann constant in our device may differ from the theoretical calculations, we can alter this
value to determine if the theory will match the data. If we multiply the constant by 0.026, the ballistic
model predicts a thermometer temperature represented by the solid red line. While this is in agreement with
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our data, the required value for the phononic Stephan-Boltzmann constant is almost two orders of magnitude
smaller than theoretical calculations. Therefore, it is unlikely that our observed temperature gradient can
be explained using our simple ballistic thermal transport model.
7.6.6 Other Experiments
As discussed in the previous sections, we cannot currently explain why the measured thermal con-
ductance is about a factor of two times smaller than our model predicts. However, it is know that phonon
thermal transport can be strongly affected by phonon scattering. For example, measurements by Klitsner
and Pohl indicate that phonons are strongly scattered at thin film interfaces and surfaces [42]. In their ex-
periment, they measure that thermally grown SiO2 films on a Si substrate can increase the phonon scattering
rates in their crystalline Si to over 10 times the phonon scattering rate of bulk SiO2 at 1 K. While this is
not a large enough reduction to explain our discrepancy, it is important to note that in our structures, we
have a 120 nm thick layer of SiO2, a 250 nm thick layer of SiNx, and a 25 nm thick layer of AlMn in between
our Si and Cu layers. Therefore, we can expect that there will be significantly more phonon scattering than
we predicted in our simple ballistic model. This could potentially mean that the hot phonons created in
the silicon block are unable to leave the block due to interface scattering, which could cause a large thermal
resistance.
In addition to measurements of phonons scattering in bulk silicon, other groups have measured the
effects of phonon scattering in SiNx membranes. For example, Holmes et al. measured that the thermal
conductance of a SiNx membrane was decreased when the surface of the film was covered with sub-micron
particles of silver [37]. Additionally, Zink et al. have measured that the thermal conductivity of a SiNx
membrane was significantly reduced when a layer of SiO2 was present underneath the membrane and when
a thin layer of alumina was deposited on top of the membrane [97]. Both of these experiments are counter
intuitive since one would expect that the thermal conductivity of a structure would increase with more
material. Both groups attribute their measured results to phonon scattering in the membrane, however, these
transport properties are not well understood. While we expect that a majority of the thermal transport of the
membrane occurs due to the electrons, it is possible that these phonon effects can explain our measurements.
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For example, when large amounts of power are deposited onto the membrane, phonons in the membrane can
interact with the electrons in the membrane through the electron-phonon coupling. These hot phonons may
then scatter, reducing the thermal conductivity of the membrane.
Ultimately, in order to understand and model the thermal conductance of our structure, we must
make test structures. To determine if phonons are unable to leave the silicon block due to scattering at the
interface of the cold finger, we can make devices where a silicon block is suspended underneath a membrane
covered with a metal thermalization layer and measure the thermal conductance of the device. We can then
vary the amount of the top surface of the silicon block that is covered with metal to determine if increasing
the area increases the thermal conductance. Additionally, we can then add films in between the silicon
and the cold finger without changing the membrane to see if the thermal conductance of the structure is
reduced. If these experiments yield devices with significantly different thermal conductances, then it is likely
our discrepancy is caused by phonons scattering from the metallic interfaces. If these test structures have
similar thermal conductances, we can produce test structures similar to our current devices, but with a
membrane without any metal layers. We can then add each metal layer and measure how the presence of
the metal layer affects the thermal conductance of the structure. This process can be repeated with multiple
layers to understand how the stack of metals affects the thermal conductance. If adding multiple layers
reduces the thermal conductance of the device, then it is likely that phonon scattering in the membrane is
responsible for our observed discrepancy between the model and the data.
7.7 Conclusion
We fabricated next-generation phonon refrigerators that cooled phonons from 300 mK to 154 mK,
which is an improvement over previous devices [58]. We measured the cooling power of the devices and
determined that at a bath temperature of about 300 mK our devices have about 100 pW of surplus cooling
power at 200 mK. This is the first direct measurement of the cooling power of an NIS junction; all other
experiments inferred the cooling power from device modeling. We were able to test the thermal model that
we developed in chapter 3 using measured device parameters and found that the model predicted our devices
would produce about two times more cooling power than we observed. We hypothesize that this discrepancy
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occurs due to the model incorrectly predicting the thermal conductance of the structure. Unfortunately, we
were unable to theoretically resolve this discrepancy and test structures must be fabricated to explore this
problem further. However, our measurements have shown that the cooling power of the current devices is
sufficient to cool separate, bulk objects. We designed a thermally isolated stage with a sufficiently small
parasitic power load that can be cooled by our current devices by coupling the two objects through a gold
wirebond. The results of this experiment will be discussed in the following chapter.
Chapter 8
Cooling Bulk Objects
In the previous chapter, we demonstrated that our NIS refrigerators produced a sufficient cooling
power to cool separate, bulk objects. In this chapter, we will discuss the integration of these devices with
our suspended stage to produce a general purpose NIS refrigerator.
8.1 Improving the Stage and the First Cool Down
To assemble our thermally isolated stage, the copper plate was suspended from the support structure
by first rigidly attaching them together using an aluminum jig. Next, a loop of Kevlar was tied around each
of the four Al pulleys connected to the copper plate. Each strand was pulled tight by hand to the appropriate
length and was attached to a capstan using superglue. After the glue dried, the capstans were tightened to
tension the Kevlar strands. Each strand was tensioned independently and the tension in each strand was
determined by pressing on it with a screwdriver. The correct amount of tension the strands could withstand
was determined by trial and error by tensioning the strands to their breaking point. After the strands were
tensioned, the mechanical support connecting the stage to the support structure was slowly removed. If the
copper plate moved as the support jig was loosened, the appropriate Kevlar strands were tensioned, until the
copper plate was back in its correct orientation. This process was repeated until the support was removed.
Once the copper plate was suspended, the Kevlar strands were permanently attached using Stycast 2850.
After some practice, the suspension process could be completed in a few hours.
After attempting to suspend the stage shown in figure 7.1, we discovered that we had to modify the
support structure in order to properly suspend the copper plate. The force due to the tension in the four
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Kevlar strands did not act at a single point on the copper plate. Therefore, the act of tensioning the stage
created a torque, and made it impossible to rigidly suspended the copper plate in the correct orientation.
In addition to the problems of suspending the copper plate, we had difficulties attaching the NIS junctions
to the copper plate using gold wires. Our design accomplished this by extending a copper “diving board”
from the suspended plate over the circuit board that contained the NIS refrigerators. This provides a close
object to attach wires, while allowing the stage to remain thermally isolated. However, this required the
entire support structure to be placed under the wirebonder, which lead to very difficult wirebonding due to














Figure 8.1: Photograph of the improved NIS refrigerator. The copper plate is suspended by four Kevlar
cords. The copper diving board was modified to allow it to be clamped to the NIS circuit board to facilitate
the thermal connections between the plate and the NIS devices. A heatswitch was added to the system to
allow the suspended plate to reach 300 mK.
A photograph of the improved support structure is shown in figure 8.1. We reduced the thickness of
the stage to 3.2 mm and changed the location where the Kevlar strands pulled on the stage by adding an
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additional pulley on an aluminum jig on the support structure. This allowed us to rigidly suspend the stage
in the correct orientation. We also redesigned the diving board for two important changes. First, we made
the diving board wider and thinner to allow more room to attach wires. We also designed a system to help
simplify the wire bonding process. We added two tapped holes to the diving board which allowed us to clamp
it to the platform which holds the NIS junctions. We then released the diving board from the suspended
stage and could remove the NIS platform from the suspension system with the diving board attached. This
left us with a small, rigid structure to which we could easily bond wires. Once the bonds were made, we
could place the unit back into the support structure, attach the diving board to the suspended stage, and
remove the clamp. We were then left with NIS devices that were thermally connected to the suspended
stage. Figure 8.2 shows three membranes that were attached to the diving board using this method.
Figure 8.2: Photograph of three NIS refrigerators connected to the suspended stage with gold wirebonds.
A thermal connection is made to the suspended stage through the diving board by the gold wires that are
attached to the membranes, the gold squares on the NIS chip, which are cooled by NIS junctions too small
to be seen in the photograph.
Once we were able to build the support structure for the refrigerator, we needed to electrically connect
the parts. Electrical connections between the cryostat and the support structure were made using supercon-
ducting NbTi wires with microD25 connectors. The lines to the NIS junctions were filtered using Miniciruits
LFCN 80 filters. Electrical connections were then made to the NIS platform using a copper wire loom. To
measure the temperature of the suspended stage, a RuOx thermometer was bolted to the stage using 0-80
screws and was electrically connected using two 0.04 mm diameter NbTi wires. Since the wires had no
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copper matrix, the wires could not be attached using lead-tin solder. Instead, electrical connections were
made by first pressing a thin sheet of indium on the copper pad on the circuit board. Next, the wire was
placed onto the indium and another layer of indium was pressed on top to form a sandwich. This made a
superconducting connection that was very robust. Electrical connections on the suspended stage were made
using the same method but using silicon chips instead of a printed circuit board to reduce the heat capacity,
and therefore the cool down time, of the suspended stage.
We placed our refrigerator in our cryostat and cooled it down with liquid nitrogen. Since there were
only two measurement wires from the support structure to the thermometer on the suspended stage, we
also measured the lead resistance in the thermometry measurement. To make sure the stage was at 77 K,
we waited over night and then filled the cryostat with liquid helium. The cryostat took much longer than
expected to cool down, and was still a few hundred millikelvin above its base temperature after a few days.
Measurements of the RuOx thermometer indicated that the stage was at a temperature over 200 K, including
an estimate of the resistance of the measurement wires, so we thought that the electrical contentions might
have had an increase in resistance due to a bad solder joint. We decided to increase the cool down rate of
the stage by operating the ADR. After cycling the ADR and reaching its base temperature, the temperature
reading of the ADR would change by 100 mK every time that the resistance bridge refreshed. In a matter of
seconds, the ADR was back to 4 K. Therefore, we determined that it was possible that the stage was actually
above 200 K. Due to this experiment, we determined that in order to cool down the suspended stage, we
needed to build a heat switch.
8.2 Heat Switch
To cool the suspended stage down to the base temperature, we needed a heat switch that could
be operated at 300 mK and be actuated with low enough power to not overwhelm the ADR unit. A quick
calculation of the power load that the ADR can handle can be made by assuming that there is about 100 nW
of parasitic power on the FAA stage and it has a hold time of about 2 days. Therefore, our ADR has a
heat capacity of about 20 mJ. Since we cannot dissipate very much energy on the stage, we would prefer
to minimize the number of moving parts. Another requirement is the thermal load due to the heat switch
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is zero when it is off, since the cooling power of the NIS junctions is on the order of 100 picowatts. These
constraints eliminate devices such as a superconducting or a gas gap heat switch. The heat switch designed
for our specifications is shown in figure 8.3. We constructed a jaw out of thin brass strip that clamped a
thin copper fin that was bolted to the suspended stage. The jaw was actuated by a wire that went from
the support structure to room temperature. When the wire was pulled, the jaw clamped on the copper fin,
creating a strong thermal contact between the suspended stage and the support structure. When the wire
was released, the brass jaw sprung back to its original position, eliminating any thermal contact between the





Figure 8.3: Photograph of the heat switch (a) opened and (b) closed.
The first challenge was to route a robust cord from room temperature to 300 mK without overloading
the ADR. We used a linear actuator with a vacuum feedthrough that allowed us to mechanically move a rod
through the vacuum space up to 5 cm, as shown in figure 8.4 a. We attached a spring with a spring constant
of 175 N/m to the actuator so that we could provide a known tension to the wire. To make a robust cord,
we used a 0.25 mm diameter stainless steel wire. The stainless steel wire was heat sunk at 77 K and 4 K
by bolting the wire to a coper block that was thermally strapped to the cryostat, as shown in figure 8.4 b.
This allowed the wire to move, while still being thermally heat sunk. To minimize the thermal conductivity
to the ADR stage, after heat sinking the wire to 4 K, we used Kevlar strands to make the final connection
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to the heat switch jaw. This process allowed us to use a robust wire at higher temperatures and minimize
the thermal conductivity at the lower temperatures. To determine if the heat switch was open or closed, we
attached a NbTi wire to the suspended stage and a copper wire to the walls of the support structure. If we
measured a closed circuit between the two wires, we knew that the switch was closed and if the circuit was








Figure 8.4: Photograph of the heat switch components used in the NIS refrigerator. (a) Photograph of the
heat switch linear actuator used to open and close the heat switch. (b) Photograph of the device used to
heat sink the wire that manipulated the heatswitch at 4 K.
8.3 Reaching the ADR Base Temperature
Now that we had all of the parts working, we decided to try to cool down the stage while it was
connected to NIS devices. We bonded three membranes to the diving board and attached the diving board
to the suspended stage. We then placed the support structure in the cryostat and closed the heat switch.
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We put liquid nitrogen in the cryostat and found that the stage cooled to 77 K after about one day, which
was a significant improvement over the last attempt. We then put in liquid helium and the stage cooled to
4 K after about another day of waiting. Reaching temperatures lower than 4 K also proved to be a challenge.
While the heat switch worked well at higher temperatures, it did not work as well at temperatures below 4 K.
When we cycled the ADR, we found that the thermal link between the stage and the ADR was weak enough
to make a large thermal gradient, as large as multiple Kelvin, between the two objects. Therefore, when
the ADR reached its base temperature, the stage could be at temperatures as high as 2 K. Since the heat
capacity of the ADR depends on its temperature, it could not absorb the resulting power load. Therefore,
to reach the base temperature, we needed to demagnetize the magnet at a slower rate.
To reduce the load on the ADR unit, we decreased the magnet ramp rate by a factor of 10. Instead of
taking 20 minutes to ramp down the ADR, it would take over 3 hours. After about 3 hours, the temperature
of both the ADR and the stage was about 1 K. At this point, we still had several amps of current to remove
from the magnet before the FAA stage would reach its base temperature. However, since the thermal
conductivity of the heat switch decreased with temperature if we continued to ramp down even at this low
rate, a large thermal gradient would form between the suspended stage and the FAA stage, which overloaded
the ADR unit. Fortunately, at this point, the current was low enough that we could begin to regulate the
current in the magnet using our temperature control circuit. This allowed us to use feedback to ramp the
current at a rate that would allow us to keep the temperature gradient at a minimum so we would not
overload the ADR. We monitored the temperature of both the suspended stage and the FAA stage and set
the temperature of the FAA stage to be 70 % of the suspended stage temperature, until the FAA stage
reached 300 mK. This allowed us to cool the suspended stage to 300 mK while saving as many spins as
possible. However, this was a long process and took overnight to accomplish. We tried to use a similar
method to reach lower bath temperatures, but were unable to reach temperatures lower than 300 mK. This
prevented us from performing device measurements at base temperature for full device characterization.
Based on the current required to regulate the temperature at 300 mK, the ADR hold time was
longer than the time between helium fills. We noticed that our system was very sensitive to vibrations; any
movement of the cryostat heated the suspended stage. We solved some of these problems by immobilizing
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the cryostat with sandbags. However, additional vibrational motion was also caused by flipping switches on
the cryostat to control the measurement setup. Therefore, all of the control boxes had to be moved from the
cryostat to independent support structures located next to the cryostat. While these vibrational isolations
reduced the power load on the experiment, there were other power loads that could not be moved from the
cryostat. For example, the act of filling the cryostat with liquid helium produced enough vibrations to heat
the stage to high enough temperatures that it required the ADR to be recycled. Therefore, this placed the
restriction that the experiment must have been completed in about 2 days, the duration at which the cryostat
must be refilled with liquid helium. Additionally, the cryostat was required to be filled with liquid nitrogen
at least every 10 hours to prevent the liquid helium from boiling off. Normally, this is done automatically
with an auto fill system that is actuated with a solenoid. However, this caused enough heating to destroy
our experiment. Therefore, to cool our stage with NIS junctions, we required a method of filling the liquid
nitrogen which would create fewer vibrations in our cryostat.
Figure 8.5: Photograph of the liquid nitrogen fill system.
To create a gentler method to fill the liquid nitrogen, we replaced the autofill system with a funnel.
167
We poured liquid nitrogen into the system by hand and placed a crumpled piece of Al foil inside of the
funnel to reduce the distance that the liquid nitrogen had to fall. This reduced the heating of the stage
significantly, to about 2 mK, but we wanted to reduce the temperature increase even more. In order to pour
in the liquid nitrogen as gently as possible, we decided to suspend the liquid nitrogen fill line above the
funnel and pass the nitrogen through a phase separator. This allowed us to produce a very gentle stream of
liquid nitrogen that would fall into a funnel which filled the cryostat while maintaining complete vibrational
isolation between the two systems. After some experimentation, we found that we could fill the cryostat
with liquid nitrogen and only increase the temperature of the stage by about 500 µK. A photograph of the
liquid nitrogen fill system is shown in figure 8.5. Once we were able to fill the cryostat with liquid nitrogen
without raising the temperature of the cryostat, we were able to have a hold time of about 2 days, which
allowed us to perform the experiment.
8.4 Cooling Bulk Objects
To perform the cooling experiment, we cooled the suspended stage to 300 mK and then opened the
heat switch to thermally isolate the stage from the rest of the cryostat. Only one pair of measurement wires
connected to room temperature was required to bias the junctions since all of the junctions were connected
in series. We chose to connect all of the devices in series to minimize the number of control wires, but this
arrangement did not allow us to measure and bias each junction independently. To determine the bias which
produced the most cooling, we took IV measurements of the junctions. We then used our interpolation
routine to convert the IV curves of the junctions into the temperature of the electrons in the base electrode
of the junctions versus current bias. Using this information, we determined that the electrons were the
coldest when the refrigerators were biased with 2 µA.
Once we determined the optimal cooling bias of our refrigerator, we could begin to cool the suspended
stage. We measured the temperature of the cold stage with a RuOx thermometer that dissipated about
500 fW of power and the temperature of the ADR was measured using a separate RuOx thermometer. The
results of this experiment are shown in figure 8.6 where the two temperatures are plotted versus time. During
the first hour, the junctions remained unbiased and the temperature of the suspended stage, represented
168





































Figure 8.6: Measured temperature of the suspended stage cooled by NIS junctions versus time. The solid
blue line is the temperature of the stage and the dashed red line is the temperature of the cryostat. As the
data show, the suspended stage and the cryostat were at thermal equilibrium for the first hour. After one
hour, the NIS junctions were biased, shown by the vertical line. After 18 hours, the refrigerator reached
its base temperature, and the NIS junctions were turned off, represented by the second vertical line, after
which, the temperature of the stage began to increase. The small temperature increases at 10 and 20 hours
are caused by filling the cryostat with liquid nitrogen. These data show that the stage was cooled to a
temperature 34 mK lower than the surrounding cryostat.
by the blue line, remained in equilibrium with the temperature of the rest of the cryostat, represented by
the dashed red line. We then biased the junctions and observed that the temperature of the stage started
to decrease and after about 18 hours, the temperature of the suspended stage was 34 mK cooler than the
equilibrium temperature of the ADR. We know that this was the base temperature since the slope of the
cooling approached zero. After we reached the minimum temperature, we turned off the bias to the junctions
and observed that the temperature of the stage began to rise. These results definitively show that we were
able to cool the suspended stage by 34 mK using NIS junctions. It is also important to note that since the
cooling power of the NIS junctions depend on the bias current, it is possible to control the stage temperature
at any temperature between the launch and minimum temperature by changing the junction bias.
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8.5 Measuring the Cooling Power
Now that we have measured the maximum temperature reduction of our refrigerator, we can measure




= PNIS(T ), (8.1)
















Figure 8.7: Measured heat capacity of the suspended stage with a linear fit to the data, shown by the red
line.
where C(T ) is the temperature dependent heat capacity. We can determine the rate of cooling from figure 8.6,
so we can determine the cooling power of the refrigerator by measuring the heat capacity of the suspended
stage. The heat capacity of the stage can be measured by the depositing a known amount of energy on the
stage and then measuring the increase in temperature of the stage. In order to make this measurement, we
deposited a know amount of energy on the stage by setting the power on the RuOx to a known amount for
a known amount of time. We then measured the temperature of the stage. Since the thermal conductivity
of the stage to the outside world was small and the thermal mass of the stage was relatively large, we were
able to measure the temperature of the stage with the RuOx thermometer after we used it to deposit power
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on the stage. Once the temperature of the stage stabilized, we could find the difference in temperature
that the energy created which gave us the heat capacity of the stage. The results of this measurement are
shown in figure 8.7. As the data show, at 300 mK, we measure a heat capacity of 4 × 10−4 J/K, which is
consistent with the stage mass and the previous measurements of the heat capacities of copper and stainless
steel [31] [73].
Once we measured the heat capacity of the suspended stage, we could calculate the cooling power
of our refrigerator by multiplying the heat capacity by the time derivative of the measured temperature in
figure 8.6. As shown in figure 8.8, our refrigerator has 700 pW of cooling power at 290 mK and it approaches
zero when it is at its coldest temperature. The measurements of our general purpose NIS refrigerator were
published in [50].



















Figure 8.8: Measured cooling power of our NIS refrigerator versus temperature. The discontinuities in the
data are caused by filling the cryostat with liquid nitrogen.
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8.6 Discussion
While we were able to demonstrate the cooling of bulk objects by 34 mK with NIS junctions, our
models predict that we should be able reduce the temperature of the cold stage by over 100 mK with our
devices. The temperature reduction of the NIS junctions can be reduced due to stray power loads. As
figure 7.9 shows, from a launch temperature of 290 mK, a single membrane cooler produces about 200 pW of
cooling power at 256 mK. Since the suspended stage was cooled by 3 devices and our thermal model of the
support structure predicts a power load of about 25 pW from the support structure to the suspended stage,
an excess power load of about 575 pW acting on the cold stage would be required to explain the observed
temperature reduction. We will now examine several possible sources of stray power load to determine if
they can explain the results of the experiment.
8.6.1 Black Body Radiation from 4 K
A radiation shield at 300 mK is placed around the suspended stage to protect it from 4 K black
body radiation. However, small amounts of 4 K light can penetrate through gaps in the shield. Using the






Assuming that the emissivity of the stage is  = 0.1, a 575 pW power load requires an area of at least
400 mm2, which is implausibly large. Additionally, since the cold stage was thermally isolated from the rest
of the 300 mK stage of the cryostat, a large power load acting on the cold stage would raise the temperature
of the stage above the rest of the surrounding cryostat when the refrigerator junctions were turned off. Since
we observed that the suspended cold stage was at the same temperature as the 300 mK stage of the cryostat,
it is unlikely that a large power load due to 4 K black body radiation was acting on the suspended stage.
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8.6.2 Malfunctioning NIS Junctions
In modeling the cooling properties of the refrigerator, we assumed that all of the NIS junctions were
operating correctly. However, if one junction malfunctioned and did not cool a leg of one of the membranes,
the base of one leg of the membrane would be at the bath temperature and could provide a large power
load on the system. We can calculate the power load due to a malfunctioning refrigerator junction from our
measurements of the thermal conductance of the structure. By applying a power law fit to our measured
thermal conductance of the structure, we find that a power load P will cause a thermal gradient described
by P = 2 × 10−8 W/K4 (T 4 − T 4b ), where Tb is the bath temperature. Since this result is for the entire
membrane, we must divide this result by eight, the number of legs, to determine the power load from one
leg. According to our measurements, a 34 mK temperature difference across one leg corresponds to a power
load of about 56 pW plus an additional 25 pW of lost cooling power due to one pair of junctions not cooling
the suspended stage. Using these numbers, our results could be explained if only the junctions on 17 of
the 24 legs were operating correctly. The IV characteristics of the junctions showed that more than 17
junction pairs were operating correctly, and therefore, it is unlikely that a broken junctions can explain our
measurements.
Additional power would be deposited into the system since the broken junction would still be biased
with the refrigerator bias current of 2 µA. However, in order to produce 575 pW of power, this would require
a junction resistance on the order of 100s of Ohms. This is an unrealistically large resistance since when a
junction breaks, its resistance is usually on the order of an Ohm. Therefore, while a malfunctioning junction
would reduce the performance of our refrigerator, it is unlikely that our result can be fully explained by
malfunctioning junctions.
8.6.3 Non-Electrical Touch
Our refrigerator possessed an electrical touch sensor so we could detect if there was a metallic touch
between the suspended cold stage and the support structure. However, it is possible that we had a non-
metallic touch that added a large parasitic power load to our system. A quick examination of figure 8.2
reveals the diving board is in extremely close proximity to the NIS circuit board and the NIS chip. While
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they were not touching at room temperature, Kevlar does not thermally contract as much as the metals in
the support structure, which causes the Kevlar strands to lose tension. Therefore, it is possible that the
diving board touched the silicon in the NIS chip or the underlying circuit board. We can estimate the power
load caused by this touch using an expression for pressed solid/solid interfaces from Ekin [21],








where q˙solid/solid contact(455N,4.2K) is the heat conductance of the material with 455 N of force at 4.2 K,
F is the force between the two surfaces, T is the temperature, and γ is an experimentally determined
parameter. While Ekin does not provide values for a copper/silicon or copper/G10 interface, he references
an experiment by Berman and Mate which measured q˙solid/solid contact(445N,4.2K) = 7×10−4 W/K and γ = 3
for a sapphire/sapphire interface [12]. The thermal transport between these materials occurs only through
phonons, which is similar to our case. Therefore, for a quick approximation, we will use these values.
With these values, we determine that a force of about 1 N is required to produce a power load of
575 pW. Since our stage has a mass of about 25 g, this corresponds to a force of about 4 times the weight of
the suspended stage making contact with the support structure. While this force is larger than the weight
of the suspended stage, sapphire is very rigid and as a result, pressed sapphire contacts have a small contact
area, which leads to a low thermal conductivity. It is likely that the thermal conductivity between a pressed
contact between copper and silicon or copper and G10 is much larger than a sapphire/sapphire contact.
Since this rough calculation estimates that a sapphire/sapphire contact produces a power load of the correct
order of magnitude to explain our observations, it is possible that a nonmetallic touch could explain our
measurements. More accurate values of q˙ are required to definitely determine if a nonmetallic touch is a
possible explanation of our measurements.
8.6.4 Other Possible Explanations
In order to maximize the thermal isolation of the cold stage, we only used four Kevlar strands to
support the cold stage. While this increases the thermal isolation of the stage, using only four Kevlar
strands under-constrains the system and leaves two rotational modes. When the support structure was
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perturbed, we noticed that the stage would oscillate. When we cooled the support structure to 300 mK,
we noticed that we could increase the temperature of the stage by tapping our finger on the outside of the
cryostat or by stomping on the ground near the cryostat. Therefore, oscillations from the environment could
act as a parasitic power load on the suspended stage. The calculation of this possible power load is beyond
the scope of this work. However, if a power load due to mechanical vibrations was present, it would heat the
stage above the base temperature of the cryostat when our heat switch was open. Since we observed that
the temperature of the stage was in equilibrium with the cryostat temperature when the heat switch was
open, it is unlikely that a power load due to mechanical vibrations can explain our measurement.
Another possible explanation comes from the discrepancy between the cooling power measurements
of a single device and the predictions of our 1D thermal model discussed in section 7.6. If this discrepancy
was due to hot phonons being unable to leave the silicon block due to interface scattering, the thermal
conductance of the structure could be significantly smaller than in our test case. When we measured the
cooling power of the device, the area in which the heat was deposited was much smaller than the area in which
the phonons could leave the silicon block through the cold fingers. However, when an object is connected to
the silicon block through a gold wire bond, the area in which power is deposited is significantly larger than
the area of the silicon block covered by the cold fingers. This would cause most of the phonons to re-enter
the wirebond pad, which would significantly reduce the internal thermal conductance of the structure. If
the thermal conductance of the structure was reduced, a large temperature gradient could form between the
NIS junctions and the silicon block, greatly reducing the cooling power of the device. Test structures must
be fabricated and measured to determine if this is a possible scenario.
8.7 Conclusion
We demonstrated an NIS refrigerator that can cool a 2 cm3 copper stage to which a user can attach
separate, user-supplied objects below 300 mK. These results mark the emergence of NIS refrigeration as
a new method of general-purpose refrigeration for sub-Kelvin temperatures. Modeling predicts that our
current devices can cool to lower base temperatures, and our observed temperature reduction can possibly
be explained by a nonmetallic touch between our suspended stage and the support structure. Our refrigerator
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is lightweight, operates continuously, only requires a small DC bias, and has no moving parts. Using similar
devices, we predict that we can cool bulk objects from 300 mK to close to 100 mK. This technology provides a
simple method for lowering the base temperature of a 3He refrigerator from 300 mK to 100 mK. Additionally,
when coupled with a 3He refrigerator, an NIS refrigerator provides a light weight and simple method of
reaching 100 mK, which could increase the accessibility of cryogenic temperatures for devices such as low
temperature detectors, especially for space based applications. Furthermore, similar methods can be used
to create multi-stage tunnel junction refrigerators capable of cooling from 1 K to below 100 mK.
Chapter 9
Future Work and Conclusions
The main goal of this work was to demonstrate a general purpose NIS refrigerator that can cool
arbitrary, user-supplied payloads. Now that we have achieved this goal, the next goal is to produce an NIS
refrigerator with a larger temperature reduction and a greater cooling power. In this chapter, we will discuss
future work which will enable the next generation of general purpose NIS refrigerators.
9.1 Resolve the Discrepancy Between the Measurements and the Model
The 1D thermal model of our phonon refrigerators predicts that our devices should produce about two
times more cooling power than we measure. We hypothesize that this discrepancy is caused by our thermal
model incorrectly predicting the thermal conductance of the structure. It is possible that the thermal
conductance of the structure is reduced due to additional phonon scattering which occurs at the interfaces
between the different material layers. We have proposed designs of tests structures that could be fabricated
and measured to understand how the thermal conductance of the structure is affected by the presence of
these thin films. We must resolve this discrepancy in order to produce the next generation of devices and
accurately predict their cooling properties.
9.2 Next Generation Phonon Coolers
Even though the phonon coolers presented in this work were an improvement over previous devices,
our thermal model predicts that they can cool to even lower temperatures with a thinner insulating layer.
In the fabrication process, we were targeting devices with an RSP of about 1200 Ωµm
2. After the junctions
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were fabricated, they had this RSP , but after additional fabrication processes, the RSP drifted to about
1700 Ωµm2. The reason for this drift is unknown and is currently being investigated.
As our thermal model shows, in addition to a thinner oxide layer, a lower base temperature can be
reached using a thinner membrane. In our tests of bonding wires to membranes, we found that we could
bond to thinner membranes, some as thin as 250 nm. We fabricated devices on a wafer with a thinner
membrane thickness at the same time as our other devices, but none of the junctions on that wafer yielded.
With some additional process development, coolers should be able to be fabricated along with these thinner
membranes. Our model predicts that devices with a thinner insulating layer and a thinner membrane should
be able to cool from 300 mK to about 100 mK.
9.3 More Powerful Electron Coolers
In order to use NIS junctions to refrigerate bulk objects, they must be able to provide a cooling power
large enough for the desired application. In this work, we demonstrated a general-purpose refrigerator with
cooling powers large enough to refrigerate low power devices such as low temperature detectors. Other
applications require more cooling power, and to accommodate this need, the cooling power provided by our
refrigerator can be increased by simply adding more junctions. The cooling power can further be increased
by increasing the area of the junctions in the device. For example, our current device is a membrane cooled
by sixteen NIS junctions each with a total area of about 3600 µm2. If each side of the of the membrane
was cooled by a single 600 µm × 10 µm NIS junction, the area of the NIS junctions would be increased to
24,000 µm2, which would increase the cooling power of the device by about a factor of seven. We have begun
to fabricate and test larger NIS junctions, as shown in figure 9.1, to determine if we can use these junctions
in a next generation device.
9.4 Cooling Phonons from 100 mK
As discussed in chapter 6, we were able to fabricate electron refrigerators optimized to cool from
100 mK. These electron refrigerators can be integrated with membranes in order to cool phonons in this
temperature regime. Such devices could be coupled with an adiabatic demagnetization refrigerator to reach
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600#μm#
Figure 9.1: Photograph of a prototype 600 µm × 10 µm NIS junction.
temperatures below 50 mK. This integration would create a refrigeration system with the base temperature
of a dilution refrigerator and the simplicity of an adiabatic demagnetization refrigerator.
9.5 Cooling from 1 K
Recently, Quaranta et al. have demonstrated cooling quasiparticles from 1 K to 400 mK in an Al
electrode using Al/AlOx/V SIS junctions [75]. One could imagine using a similar SIS junction to cool an Al
electrode that was the superconducting electrode of an NIS junction designed to cool from 400 mK. Such
a device would provide a solid stage refrigerator that could cool electrons from 1 K to around 100 mK.
Alternatively, similar SIS junctions could be used to cool a membrane on which our NIS junctions were
placed, creating a multi-stage device which could cool phonons from 1 K to about 100 mK. This would
be an important breakthrough because temperatures of 1 K can be reached simply by pumping on 4He or
using a mechanical Joule-Thompson refrigerator. Therefore, such a multi-stage tunnel junction refrigerator
backed by a simple 1 K refrigerator could provide an inexpensive, simple, and lightweight method of reaching
100 mK from room temperature, which would dramatical increase the accessibility of this temperature range.
We have begun to model devices and are planning to fabricate SIS quasiparticle coolers.
9.6 Next Generation Bulk Refrigerator
In this work, we demonstrated that NIS junctions can be used as a general purpose refrigeration tech-
nology. However, in order to be able to compete with more traditional methods of sub-Kelvin refrigeration
such as DRs and ADRs, an NIS refrigerator with a larger temperature reduction and cooling power are re-
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quired. Additionally, a robust and compact suspension system, a large cold stage, and electrical connections
through wire looms terminated by connectors are desirable for a practical refrigerator. To this end, we have
worked in collaboration with a group at the University of California, San Diego, to design and build the
next generation thermally isolated stage that can meet these goals [103]. A schematic of the new support
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Figure 9.2: (a) Schematic and (b) photograph of the next-generation NIS refrigerator. The 7.6 cm × 8.6 cm
cold stage is rigidly supported by two U-shapped copper brackets. Electrical connections to the PCB on the
cold stage are made through a NbTi loom through a microD 25 connector. The temperature of the cold
stage is read out with a RuOx thermometer. (c) A photograph of the stage supporting a mass of 2.5 kg.
The stage was deflected by 25 µm.
The new support structure is modeled after suspension systems designed by Roach [81] and consists of
two copper U-shaped brackets that are rigidly held together using tensioned Kevlar. While this configuration
is not as thermally isolated from the surrounding cryostat as our prototype structure, it provides a much
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more rigid support system. This is demonstrated in figure 9.2 c, where a load of 2.5 kg is placed on the stage
and it is only deflected by 25 µm. The area of the cold stage has been increased to 7.6 cm × 8.6 cm, which is
large enough that a PCB can be placed on the cold stage. Electrical measurements are made using a NbTi
loom with a microD 25 connector. The temperature of the stage is measured using a RuOx thermometer. A
thermal link between the suspended stage to the rest of the cryostat is created using a magnetically actuated
heatswitch. We are currently measuring the thermal properties of the stage and hope to cool it with NIS
junctions in the near future.
9.7 Conclusions
In this work, we demonstrated a general-purpose NIS refrigerator that can cool arbitrary, user-supplied
payloads. We also improved our understanding of NIS junction physics, fabricated NIS electron refrigerators
that cooled electrons from a bath temperature of 100 mK, and fabricated NIS phonon refrigerators that
cooled phonons from a bath temperature of 300 mK. We will conclude by highlighting the major results of
each endeavor.
In many experiments, an electrical current greater than predicted by BCS theory is measured in NIS
junctions at voltage biases below ∆/e. To further improve our understanding of the physics of NIS junctions,
we measured this current in our devices. Our results can be modeled as an excess current caused by multiple
Andreev reflections. This measurement was the first probe of Hekking and Nazarov’s theory in the limit
where the junction was larger than the coherence length in both metals and was the first explicit test of the
theory’s dependence on the junction area and RSP . We have improved the predictive power of our models
by including this physics.
When cooling electrons from 100 mK, previous experiments have measured a temperature gradient
between the electrons in the NIS refrigerator junctions and the electrons in separate NIS thermometer
junctions several microns away. It was hypothesized that this temperature gradient was caused by an
athermal electron distribution in the normal metal. We designed, fabricated, and measured NIS electron
refrigerators designed to cool electrons from a bath temperature of 100 mK to examine this athermal effect.
While we found no evidence of an athermal electron distribution, we were able to reduce the temperature
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gradient observed between the NIS refrigerator and thermometer junctions from previous measurements by
reducing the RF pickup in our experiment. We measured that our devices were able to cool the electrons in
the refrigerator junctions from 100 mK to 26 mK and the electrons in separate thermometer junctions from
100 mK to 48 mK.
In order to create our general-purpose NIS refrigerator, we had to fabricate NIS phonon coolers with
a sufficient cooling power to cool bulk objects. To design these devices, we developed a thermal model to
predict the cooling properties of our NIS phonon refrigerators. Our model predicts that a device with an
AlMn base electrode can cool the phonons at the center of the membrane from 500 mK to 363 mK, from
300 mK to 107 mK, and from 100 mK to 22 mK when no power is deposited at the center of the membrane
and from 300 mK to 130 mK when 25 pW of power is deposited at the center of the membrane. These
devices would be able to provide useful temperature reductions and cooling powers for low power electronics,
such as low temperature detectors, integrated with the membrane. Additionally, our model predicts that
NIS refrigerators provide enough cooling power to cool separate, bulk objects.
We fabricated devices and measured that they were able to cool the phonons at the center of the
membrane from 300 mK to 154 mK. When these devices were fabricated, they were produced with a higher
tunneling resistance than we intended. By reducing the resistance of the junctions, we predict that we can
fabricate NIS refrigerators that can cool phonons from 300 mK to about 100 mK. We were also able to
measure the cooling power of our devices by depositing a known amount of power through a resistor located
on the membrane. This was the first measurement of the cooling power of an NIS refrigerator; all previous
experiments inferred the cooling power of the NIS junctions through device modeling. We measured that our
device produced 100 pW of excess cooling power at 200 mK when cooling from a bath temperature of 293 mK.
Our model predicted that our device should produce about twice the excess cooling power and we attribute
this discrepancy to our model incorrectly predicting the thermal conductance of our structure. While we were
unable to resolve this discrepancy, our measurements indicated that our NIS phonon refrigerators produced
enough cooling power to cool separate, bulk objects.
To demonstrate cooling bulk objects with our NIS refrigerators, we created a system that was thermally
isolated from its surrounding environment by suspending a 2 cm3 Cu plate from a support structure with
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Kevlar cords. We modeled the apparatus and determined that it was sufficiently thermally isolated from
our cryostat and could be cooled by our NIS refrigerators. We connected three of our devices to the Cu
cold stage and were able to cool the Cu plate from 290 mK to 256 mK with 700 pW of cooling power
at 290 mK. This was the first demonstration of using NIS junctions to cool a true cold stage and marks
the emergence of NIS refrigeration as a new sub-Kelvin refrigeration technology. Our NIS refrigerator is
compact, simple, and only requires a DC voltage bias to operate. We have designed the next-generation of
general purpose NIS refrigerators that will produce even larger temperature reductions and cooling powers.
These NIS refrigerators will provide a simple method of reaching sub-Kelvin temperatures. By increasing
the accessibility of this temperature regime, NIS refrigerators will enable the next-generation of scientific
measurements.
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